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NARROW BAND CROSS- CO RRELA TION ANALYSIS 
O F  FLUCTUATING PRESSURES BENEATH A 

I uRBULEXT SOUNDARY LAYER 

By C .  M. Ailman and A. S. Hopkins 

l T l T T  

SUMMARY 

Selected narrow-band c r o s s -  correlat ions w e r e  calculated 
for  p r e s s u r e  fluctuations at a r igid w a l l  under  both a uniform 
and a dis turbed turbulent boundary layer  at supersonic  speeds.  
Flow dis turbances resul ted from: ( 1 )  a forward-facing s tep-  
spoi le r ,  ( 2 )  an  aft-facing s tep  (with a well-behaved, slowly grow- 
ing turbulent boundary l aye r  p r i o r  to the s tep) ;  and ( 3 )  a n  imping- 
ing (and ref lected)  shock generated by a n  obstruct ion to the 
a i r s t r e a m  some  dis tance f r o m  the wall. 
i n  t e r m s  of contours of equal correlat ion coefficient (T = 0),  
spat ia l  decays of the correlat ion,  and convection velocit ies.  
Included i n  the discussions a r e :  

The data  a r e  presented  

Separability nf the temporal  and spat ia l  var iab les  

Mathematical  desc r ip to r s  of the frequency-dependent 
c r o s s -  cor re la t ions  

Convection velocity 

Frequency  dependency var ia t ions with locations in  
the flow 

Latera l ly  convected p res su re  s ignature  behind an  
aft-facing s tep  

Comparison of the data with different theor ies  



1. INTRODUCTION 

Fluctuating p r e s s u r e s  at a r igid surface w e r e  measured  beneath 
two-dimensional, turbulent,  supersonic  boundary l aye r s  which could be 
descr ibed as  well-behaved, and dis turbed by forward-facing s teps ,  aft-facing 
s t eps ,  and shock waves. In a previous report!ref. 11, the data w e r e  presented 
as spec t r a  and broad band cor re la t ion  information. 
necessa ry  to define environments f o r  fl ight vehicles, but not sufficient i f  
modal analysis  for  local ex te r io r  s t ruc tu re  is to be performed.  

Such information is 

The purpose of the na r row band study documented i n  th i s  r e p o r t  is  to 
provide detailed information on those charac te r i s t ics  which indicated a 
dependence on frequency. To achieve this  goal, selected na r row band c r o s s -  
cor re la t ion  analysis  of the fluctuating p r e s s u r e s  was  per formed f o r  each 
kind of flow condition available. These narrow band c ross -co r re l a t ions  were  
then used,  in  complement with the inherent  frequency information available 
within broadband c ross -co r re l a t ion  calculations,  to descr ibe  the frequency 
dependencies. 
quencies examined, and extensive discussions a r e  included on the i r  i n t e r -  
pretation. 
included. In  all ins tances ,  the r e su l t s  have been general ized to boundary 
l aye r  p a r a m e t e r s  which were  fully reported i n  ref.  1 and a r e  tabulated 
again i n  th i s  document. 

The r e su l t s  a r e  presented  f o r  the three  nar row bands of f r e -  

Mathematical  descr ip tor  s and comparisons with theory a r e  a l so  

3 



2. SYMBOLS 

A 

A', R ' ,  C ' ,  R;, Rk 

3 

C 

C 

Cf 

d 3 ,  AdB 

FPL's 

H 

Hz 

h 

k 

K 

L 

N 

pa 

aP 
P 

PSD 

q 

Q 

No rmali ze d au toc or relation 

Unno r mal iz  ed correlat ions 

Resolctior- bandwidth [radians / s e c )  

Normalized cor re la t ion  coefficient ( T  = 0) 

Speed of sound (f t /sec)  

Coefficient of f r ic t ion at the wall 

Decibels o r  difference in decibels  respect ively 
(re.  0. 0002 dynes /cm2)  

Fluctuating p r e s s u r e  levels i n  dB 

F o r m  fac tor  (nondimensional)  = 6 : : /8  

Her tz  ( = c p s )  

Step height (in. ) 

Wave number (in. - ) 

Rate of change of phase with frequency (deg/H,) 

Length of panel i n  direct ion of flow (in. ) 

2 2  Noise level  ( lb/ in .  ) 

Amplitude of the PSD at  some  frequency (lb/in.  ) / H z  

Amplitude of the c ros s -PSD at some  frequency 
( lb  s /in. 2)2 /Hz 

Power  spec t r a l  density 

L. 

2 2  

2 
F r e e - s t r e a m  dynamic p r e s s u r e  (lbs/in.  ) 

Dynamic amplification fac tor  

5 



R 

RM 

RM* 
RT 

Normalized crorr-correlation 

Reynoldr number (in.. ' ) 
Normalized crorr-correlation in the direction of the 
f l O W ( C Z  = 0 )  

Normalized crorr-correlation in the direction 
perpendicular to the flow (4, = 0 )  

Normalitcd crorr-correlation in frame of reference 
moving wi th  the boundary layer 

Separable factor of RM 

Normalized crorm-correlation in retarded time frame 
of teftrence 

Separable factor of R T  

Signal level (lb/in. ) 2 2  

Length of record (aec) 

Convection velocity (in. /rac) 

Free-rtrcatn velocity behind a rhock wave (in. /see) 

Free-rtraam velocity (in. /aec) 

Rerultont velocity (in. /rec) 

Width of panel in direction perpendicular to the 
flow (in. ) 

Longitudinal decry  rate 

Lateral decay rate 

Coherence function 

Baundary layer thicknerr (in. ) 

Boundary layer dirplacemsnt thicknear (in. ) 

Filter bandwidth (tadirnr /ret) 

Error factor 

Spatial reparation in retarded-time f tame of reference 
(in. 1 
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e 

A 
XY 

X 
s 
5, 
T 

T '  

0 
T 

T 
W 

T 
9 

w 

Tempora l  displacement  in re ta rded- t ime f r a m e  of 
re ference  (sec) 

Boundary l aye r  momentum thickness (in. ) 

Equivalent a r e a  of perfect cor re la t ion  (in. ) 

F r e e - s t r e a m  viscosi ty  ( lb-sec/ in .2)  

2 

Spatial separat ion in  the direction of the flow (in. ) 

Spatial separat ion perpendicular to the flow (in. ) 

Time displacement  ( sec )  

Basic  incremental  time displacement ( s e c )  

Time displacement  a t  which maximum corre la t ion  
occur s  ( s e c )  

2 W a l l  shea r  s t r e s s  (lb/in.  ) 

Spatial separat ion in  f rame of re ference  moving with 
the  boundary l aye r  (in. ) 

Tempora l  displacement  in f r a m e  of re ference  moving 
with the boundary layer  (sec) 

Frequency ( rad ians  / sec )  

Nyquist frequency or cutoff frequency ( r a d i a n s / s e c )  

C en ter  frequency (radians i s e c )  
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PRECEDING PAGE BLANR NOT FitfiUB. 

3.  SOURCE O F  DATA 

The data on which this study is based were obtained in  t e s t s  descr ibed  

Paragraphs  3. 1 through 3. 3 a r e  ex t rac-  
i n  detail i n  re ference  1. 
some of the m o r e  per t inent  facts.  
t ions of previously published subject mat te r  and may be omitted by those 
r e a d e r s  familiar with the previous work. 
descr ibe  f ac to r s  peculiar to this  study aione. 

Nevertheless ,  it seems appropriate  to recapi tulate  

However, paragraphs  3.4 and 3. 5 

3. 1 Faci l i ty  Description 

The data were  obtained by fluctuating p r e s s u r e  senso r s  mounted i n  rigid,  
two-dimensional,  geometr ical  configurations on the sidewall of the t r isonic ,  
1-ft,  blowdown wind tunnel a t  the Douglas Aerophysics Laboratory.  Only 
supersonic  data a r e  considered in  this report .  
descr ipt ion m a y  be found i n  re ference  2 .  
made to e l iminate  background noise associated with choked-valve operation. 
These modifications a r e  descr ibed  i n  reference 3 .  

The basic wind tunnel 
Modifications to the facil i ty were 

Four  bas ic  types of flow were  examined for  the detailed cha rac t e r i s t i c s  
of the fluctuating p res su res :  undisturbed, forward- and aft-facing s teps ,  
and shock-disturbed. I n  a l l  ca ses ,  the flow-disturbing geometr ies  spanned 
the tunnel wall  f r o m  floor to ceiling, resulting in two-dimensional flow near  
the center  of the tunnel wall. 
3 / 4  in. high s tep-spoi ler  about 1. 3 in. deep, while the aft-facing s teps  were  
a resu l t  of a long i n s e r t  extending c lear  into the stilling chamber .  
behaved turbulent boundary l aye r  w a s  developed on the i n s e r t  before i t s  
abrupt  ending some 3 / 4  in. above t he  sidewall plane: 
disturbed flow, a 7 .5 "  shock wave generator  was  uti l ized a s  descr ibed  in  
r e fe rence  3 .  
( r a t io  of plateau p r e s s u r e  behind the shock to f r e e - s t r e a m  stat ic  p re s su re )  of 
1. 86 and impinged within the instrumented portion of the sidewall. 
shock s t rength  was sufficient to cause separat ion of the flow behind the posi-  
tion of impingement.  

The forward-facing s tep  was generated by a 

A well- 

F o r  t h e  shock- 

The shock produced by the generating body had a shock s t rength 

That 

The s ta t ic  p r e s s u r e  distributions f o r  each of the var ious flows were  

The resu l tan t  
repor ted  i n  r e f e r e n c e  1. 
boundary l a y e r  p a r a m e t e r s  u p s t r e a m  of all disturbances.  
flow d e s c r i p t o r s  a r e  given below in  paragraph 3. 2. 

Boundary layer  probes permit ted definition of 

9 



3 . 2  Flow P a r a m e t e r s  

Based on data in te rpre ta t ions  and calculations a s  outlined i n  r e fe rence  1,  
flow descriptions ( table  1 )  were  obtained for the condition of undisturbed 
flow prior  to any disturbances.  

3. 3 Measurement  Techniques 

Two types of fluctuating p r e s s u r e  senso r s  were uti l ized during testing: 
condensor microphones (Briiel  and Kjaer  Model 41 36) and piezoelectr ic  
t ransducers  (Atlantic Resea rch  Corporat ion L D  107-Mi) .  
range of recorded  data and the finite s ize  of the sensing elements  were  such 
that  p r e s s u r e  cancellation effects were  i n  evidence at the high frequencies .  
However, for  this study, the frequencies  examined were  low enough that such 
cor rec t ions  could be neglected ( l e s s  than 1 dB). 
tivity cor rec t ions ,  s ta t ic  p r e s s u r e  cor rec t ions ,  etc;  were  l ikewise negligible, 
and hence not included. 
cor rec t ions  a r e  contained in re ference  1. I t  is  sufficient to s ta te  h e r e  that 
data utilized in  this  study were not affected by these factors .  
discussion in  paragraph  3. 5 detai ls  other  influencing fac tors  affecting the 
resu l t s  of this  study. 

The frequency 

System co r rec t ions ,  sens i -  

More  complete detai ls  of the electronics  and s y s t e m  

The e r r o r  

The facil i ty,  being a blow-down tunnel, had a finite t ime  during which the 
tunnel p a r a m e t e r s  stabil ized. During th i s  sho r t  t e s t  period (10 to 15 s e c ) ,  a 
sl ight var ia t ion of stagnation p r e s s u r e  w a s  i n  evidence, causing a continuous 
but slight t ime var ia t ion  of a l l  the pa rame te r s .  
by tying into a l a rge  r e s e r v o i r  of a i r .  
shown to give r e su l t s  comparable  to invariant  conditions ( s ta t ionar i ty)  for  
the small  t ime sample in te rva ls  during which data a r e  examined. 
par .  4 . 4  for  a discussion justifying the s ta t ionari ty  assumption for  a much 
m o r e  strongly t ime-dependent function. ) 

The fall-off was minimized 
This  minor t ime var ia t ion can be 

(See 

3 . 4  Data Reduction 

The intent of th i s  study was  to p e r f o r m  nar row band c r o s s - c o r r e l a t i o n  
calculations on data previously recorded  on magnetic tape. F r o m  such ca l -  
culations, the s ta t i s t ica l  similarity of a p r e s s u r e  s ignature  a t  one posit ion 
in  time and space to the s ignature  at  some different but nearby posit ion may 
be found for  var ious  frequency ranges.  The procedure  for  compar ison  was :  

I 

(1) The tapes were  played back by means  of a 14- t rack  tape deck and 
playback amplif iers .  The cal ibrat ion data w e r e  played back to 
es tab l i sh  leve ls  and frequency sensi t ivi t ies  for each  t r ack ,  and 
phase differences between t r acks .  

(2) The broad band voltage s ignal  f r o m  s tep  1 was f i l t e red  to obtain 
nar row bands of data  (using e l ec t r i ca l  analog-type f i l t e r s  manu- 
fac tured  by the Briiel and Kjaer  Co. ). 

10 
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( 3 )  Segments of the f i l t e red  data f r o m  s tep  2 were  digitized during 
per iods of stationary data (where stationarity impl ies  that  mean and 
mean-squared values a r e  not varying with t ime) .  

The product of typical signals were  t ime-averaged over a f ixed 
r eco rd  length of t ime T,  with different t ime delays in te r jec ted  
between them. 

(4)  

The resu l t  of the first four s teps  w a s  a c ros s -co r re l a t ion  in  t ime of 
different locations i n  space,  o r  in  the usual notation, a space- t ime c r o s s -  
correlat ion of a nar row band p r e s s u r e  signature.  Mathematically, th i s  i s  
defined a s  

where R I ,  z ( ~ T ,  w) is  the space t ime c ross -co r rz l a t ion  of two p r e s s u r e s ,  p i  
and p2, measu red  a t  spatial  locations T and 2 t 5 which have had the i r  
signature f i l t e red  in  the frequency domain and a r e  thus dependent on w. 

R’  is  a s sumed  t o  be calculated with use  of data  which a r e  s t a s o n a r y  and 
ergodic, s o  R’ is dependent only on the spat ia l  separat ion vector  6 (between 
locations 1 and 2 )  and the t ime differences T ( introduced mechanically between 
the time h is tor ies  of p1 and pz) .  
can be replaced by a finite summation process .  
able  format  for  the computer ,  the following type of summation was performed:  

I t  has  been shown (ref.  4 )  that  equation 1 
Since this is  a m o r e  suit-  

N +  1 - r  

1 where  r = 0, 1 , 2 , 3 ,  . . .  m, T = I T  

N + 1 equals the number of da ta  samples  (digital  bits)  taken for  each r eco rd  
in a period of t ime T, and was l imited by the sampling r a t e  of the equipment 
and the co re  storage.  F o r  this study, the sampling r a t e  was 8000 samples / sec  
Per  channel (16 000 samples / sec  total) ,  and the total  c o r e  s torage ,  being 
l imited to 15 000 samples ,  dictated slightly l e s s  than 1 s e c  for  the r eco rd  
length T. The space t ime c ross -co r re l a t ion  of equation 2 i nd ica t eq the  
statist ical  s imi la r i ty  between the p r e s s u r e  s igna tures  a t  ;and:+ 5 f o r  
each incremental  t ime delay T over  the  range m (the total  number of lags  
used) .  
a t  two spatial locations, but a t  different t imes ,  the c ros s -co r re l a t ions  
detected this. 
mit ted examination of a f requency-l imited p r e s s u r e  s ignature .  

If a s ta t is t ical ly  s imi la r  p r e s s u r e  s igna ture  was therefore  observed  

Fi l te r ing  the data be fo re  per forming  the calculations p e r -  

12 



The data used in this study w e r e  acquired in  a thin o r  relatively s m a l l  
dimensional  s ca l e  boundary layer .  Consequently, the spec t rum dis t r ibut ion 
of the energy showed a wide range of frequencies containing m a j o r  contribu- 
tions. 
type number ,  was approximately 0.002 5 ue/U 5 0.2. 

The frequency range of the data examined, in t e r m s  of a Strouhal- 
00 

TO su rvey  this wide frequency range required playback tape speed reduc- 
tion i n  some  c a s e s .  By this  technique a sampling ra te  of 8000 samples / sec  
and corresponding Nyquist f requency of 4000 Hz was extended to  a n  effective 
ra te  of 32 ,000  samples / sec  o r  a Nyquist frequency of 16,000 Hz (when one- 
qua r t e r  of the or iginal  tape speed was used).  This upper  f requency limit is 
probably coriiparable to about 2 ,000  Hz for  la rge-d iameter  supersonic  vehicles.  

3. 5 E r r o r  Discussions 

In  this  section, general  sou rces  for possible er 'ror in  the co r re l a t ion  
calculations a r e  considered and a s s e s s e d .  
to co r re l a t ion  studies. The methods utilized to de te rmine  their  magnitude 
a r e  desc r ibed  in detail ,  and values for  the e r r o r s  a r e  given where practical .  
Detailed quantitative co r rec t ions  applied to every  c ros s -co r re l a t ion  a r e  
omitted for the sake  of brevity. 

Some of these e r r o r s  a r e  unique 

3.5. 1 E r r o r  due to s y s t e m  noise--Noise due to data reduction s y s t e m  
e lec t ronics  c a n  enter  either before o r  after filtering. 
f i l ter ing could conceivably be co r re l a t ed  and would thereby tend to bias  the 
phase information. If, however, the noise w e r e  uncorre la ted ,  it  would tend 
to affect  only the normalizat ion p r o c e s s  by  an additive factor .  
of such a normal iz ing  e r r o r  would be to scatter data for non-zero  T. 

data f o r  this  study s e e m  to indicate that no significant noise en tered  the 
s y s t e m  before the f i l ters  ( eve ry  sample  of data for  this  study was examined 
f o r  noise content). 

Noise introduced before 

The r e su l t  
The 

In  s o m e  data, digitized at a l a t e r  t ime than the bulk o i  iiie data, elect?-- 
ca l  noise was  introduced into the signal leads p r i o r  to  digitizing but af ter  
f i l tering. Noise thus entering the s y s t e m  after the fi l ter  can affect  the 
normal iza t ion  i n  two ways. Assuming the noise was broad band with a f la t  
spec t rum,  it would appear  in  the autocorrelations a s  a sha rp  peak a t  r = 0. 
If it w e r e  co r re l a t ed  between channels, i t  could also produce a sha rp  peak 
at T = 0 in  the c ros s -co r re l a t ions .  The data for M3.48 aft-facing step and 
M3. 45 undis turbed  flow indicated that significant uncorre la ted  noise  en tered  
the s y s t e m  a f t e r  the f i l t e rs .  
f o r  this  undes i rab le  noise a r e  shown for  narrow band data andbroad  band 
white noise.  

The pertinent calculations per formed to c o r r e c t  

The unnormal ized  autocorrelation i s  the F o u r i e r  t r a n s f o r m  of the PSD 
and  can  be wr i t ten  

00 

A ' ( T )  = P2 C O S  WT dw + P1 C O S W T  do  PSD(w) cos WT dw = 
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where  P 2  is the amplitude of the noise  PSD (assumed constant)  and Pi is the 
amplitude of the f i l tered signal 

Thus 

kin(. -+ A/2)T  - sin(w - A / 2 ) r ]  
C 0 s i n w  T 

(A / 2 h  
A'(T) = P w t PI A/2 

2 c W C T  

s in  w T sin(A / 2 h  
C cos  W T = p2WC W C T  0 

H e r e ,  the solid l ines  r ep resen t  the two contributing p a r t s  of the signal,  and 
the dashed l ine the i r  sum. Normalizat ion f ac to r s  for  the c ros s -co r re l a t ion  
a r e  determined by AI(0) which is exactly where  the broadband noise h a s  its 
g rea t e s t  effect 

A'(0 )  = P 2 w c  t P l h  (5  1 
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The c r o s s -  cor re la t ions  per formed on those data where  significant 
amounts  of noise w e r e  present  w e r e  corrected by  one of the following two 
methods.  
P S D ' s  and then compute its contribution to the m e a n  squa re  by integrating 
over  all  frequencies. '  This level was then subtracted f r o m  the overa l l  l eve l  
computed by the digital  p r o g r a m  giving the mean square  level of the signal.  
The s q u a r e  root of the rat io  of the ove ra l l  mean square  levels t o  the  s ignal  
m e a n  square  level was then used to  sca le  the normalized c ross -cor re la t ion .  
Mathematically this  was a s  follows: 

The first method was  to  e s t ima te  the level of white noise  f r o m  the 

Let  

N = noise leve l  = P w 

S = signal  level  = 

A'(T) = autocorrelat ion 

2 c  

p l A  

R'(T) = cross-cor re la t ion  

R(T) = incor rec t ly  normalized c ross -  cor re la t ion  

R(T) = cor rec t ly  normalized c ross -  cor re la t ion  

- 

The data  w e r e  normalized 

This  was  then  cor rec ted  by 

as  des i red .  

The  second method involved v isua l  determination of the  amount of co r re -  

This  method was  used when the PSD ' s  were  too poorly defined to  u s e  
lation due t o  the s igna l  by extending the envelope of the  autocorrelat ion to  
T = 0. 
the f i rs t  method. 

Cer ta in ly  s o m e  e r r o r  is expected t o  be introduced due to  e r r o r  in  es t i -  
mat ion  of the  s ignal- to-overal l -noise  ratio, especial ly  i n  c a s e s  where  the 
noise  leve l  is high. 
f lows indicated above. 

This may  explain some of the sca t t e r  in data  f r o m  the 
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3.5.  2 Phase  e r r o r .  - -The  phase e r r o r  introduced by electronic  devices  
o r  by mechanical to le rances  in both data  acquisit ion and data reduction equip- 
ment  were checked careful ly  throughout the frequency range of i n t e re s t  for  
this study. By means  of simultaneously sensed s ine waves,  compara t ive  end- 
to-end phase checks were  made ,  f r o m  just  behind the t r ansduce r  in the data  
acquisition s y s t e m  to  jus t  i n  f ront  of the digi t izer  in the data reduction c i rcu i t .  
Because these  prerecorded  s ine waves were  spaced throughout the frequency 
domain, the cha rac t e r i s t i c s  over  small f requency ranges in  the na r row band 
f i l t e rs  were  checked with s ine sweeps.  In all  c a s e s ,  phase e r r o r s  w e r e  con- 
strained to  l e s s  than 10". 
range,  choosing different  f i l t e r s  (by changing the tape speed, a par t icu lar  
narrow band of f requencies  could be examined at different  f ixed-f i l ter  s e t -  
t ings),  o r  by eliminating cer ta in  data f r o m  analys is .  
this was in  the  c a s e  of some  data  recorded on a tape t r anspor t  with a skewed 
record  head. 
mined by the fixed t ime delays ( o r  var iab le  phase with frequency).  The t ime  
delay f o r  each pa i r  of heads and playback speed was de te rmined ,  and c o r r e c -  
t ions were made  on the  t ime axis  of each c ross -co r re l a t ion  to account f o r  the 
difficulty . 

This was accomplished by res t r ic t ing  the frequency 

The only exception to  

The amount and direct ion of skewness  were  accura te ly  de t e r -  

The e r r o r  in  the t ime  domain of the  c ros s -co r re l a t ion  due to  phase e r r o r  
between recording channels i s  the period of the phase e r r o r  ( l e s s  than 10") a t  
the frequency examined. The resultant e r roneous  t ime  per iods f o r  th i s  study 
were  smal l  compared to  one lag, and hence negligible. 

3 .  5. 3 Stat is t ical  e r r o r  discussion.  - - A l l  of the data f r o m  this  study m a y  
they m a y  b e  presented  in t e r m s  of c o r r e -  be  presented in  e i ther  of two ways: 

lation functions, o r  in t e r m s  of c r o s s - s p e c t r a l  densi ty  functions. 
a r e  Four i e r  t r a n s f o r m  pa i r s .  
functions can be  related to those in  the c r o s s - s p e c t r a l  densi ty  functions. 

The  two 
Hence, the s ta t i s t ica l  e r r o r s  in  the cor re la t ion  

An important pa rame te r  f o r  determining the s t a t i s t i ca l  e r r o r  is the BT 
number which is  the prcduct of the  resolut ion bandwidth (B)  and the  r eco rd  
length ( T ) .  The 90% confidence levels f o r  the c r o s s  PSD ' s  a r c  de te rmined  
f r o m  the relat ion AdB = (200/BT)1/2 ( r e f .  5) .  
points will fa l l  between log (Po) t AdB/10 and log (?Po) - AdB/10 where  Po is 
the t r u e  PSD plotted on a log scale .  

This means  90% of a l l  the  data  

LOG PSD 
e---- 

In t e r m s  of a l inear  sca le ,  letting AdB = 10 log E, the  90% confidence cu rves  
a r e  €PO and l / c P o .  Then 90% of the points will  have a n  e r r o r  of l e s s  than 
( c  - 1) x 100%. 
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To minimize e r r o r  (obtain the  nar rowes t  confidence bands) ,  the  record  
t ime  and the bandwidth should be maximized. 
width dec reases  the information in  the frequency domain because it averages  
over  a l l  the  frequencies in the band. 
record  length s o  accuracy  and resolution could both be  maintained. Unfortu- 
nately, record  length is limited in  this study because of two ma jo r  fac tors :  
(1) the blowdown wind tunnel charac te r i s t ics  a r e  not s ta t ionary for  long periods 
of t ime ,  and (2 )  long t ime  r eco rds  a r e  not pract ical  on the  digital  computer  
which has a fixed s torage  capacity ( in  this case,  approximately 15, 000  bits 
total) .  

However, increas ing  the band- 

This suggests choosing a v e r y  long 

In digital  c r o s s -  correlat ion ana lys i s ,  the sampiiiig r a t e  is  relzted to  the 
record  t ime  and the  number of samples  by: 

Samples = sampling r a t e  x record length ( 8 )  

In addition the  sampling ra te  is related to  the Nyquist frequency by: 

Nyquist frequency = 1/2 sampling r a t e  ( 9 )  

The Nyquist frequency i s  the  maximum frequency that can b e  distinguished 
f r o m  lower harmonics .  
pas s  f i l t e r  i s  utilized to permi t  attenuation of a l l  f requencies  above the 
Nyquist f requency.  This f i l t e r  is always placed in  the c i rcu i t  p r ior  t o  digitiz- 
ing to avoid fold-back ( the inco r rec t  interpretat ion of high-frequency informa- 
tion a s  low-frequency data) .  
des i rab le  to have the Nyquist f requency much l a rge r  than the  resolution band- 
width. Hence, for  a fixed number of samples ,  the record  t ime  d e c r e a s e s  a s  
the  Nyquist frequency o r  the sampling r a t e  increases .  

To avoid the presence of higher f requencies ,  a low- 

F o r  reasonable  definition of a spec t rum,  it i s  

The number of lags and the lag t ime  a r e  var iab les  associated with defini- 
t ion of the  cor re la t ion  functions.  They a r e  related to the other  var iab les  by 

1 
sampling r a t e  Incrementa l  lag t ime  = 

and 

sampling r a t  e 
r e  solution bandwidth Total  number of lags = 

The var iab les  of in te res t  a r e  presented for  each of the methods in table 2. 
Methods 1, 2, and 3 were  used for  broad band analysis  during a previous 
study. The la rge  s ta t i s t ica l  s ca t t e r  in  the broad band analyses  makes  i t  diffi- 
cult to e s t ima te  na r row band relationships direct ly  f r o m  those data.  Methods 
4 through 6 w e r e  used f o r  nar row band analysis of forward-facing s tep,  aft- 
facing s t e p  at  M1.41, and shock-disturbed flow, while 7 through 9 were  used 
f o r  n a r r o w  band analysis  of undisturbed flow and aft-facing s tep  a t  3.48. 
Method 10 was  included to get be t te r  definition i n  the t ime  domain at the 
expense of bandwidth resolution, but was actually not used for  data analysis .  
It should be noted that the  large range of var iables  resu l t s  f r o m  two major  
f ac to r s  - flexibility in  both sampling r a t e  (by means  of tape speed reductions 
a s  wel l  as  va r i ab le  sampling r a t e s ) ,  and choice of to ta l  number of lags .  
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Large  s ta t i s t ica l  var iances  i n  cross-power spec t r a l  densi t ies  do not 
imply the same var iance  f o r  a l l  regions of the c ross -cor re la t ions .  
the e r r o r  tends to  be least  at the c ross -cor re la t ion  peak and g rea t e s t  f o r  
t imes  far f r o m  the peak. The e r r o r  in the peak is the e r r o r  i n  the m e a n  
squa re  value.  F o r  na r row band data ,  this can b e  est imated by replacing the 
resolution bandwidth by the data  bandwidth (assuming the band is sufficiently 
na r row to consider  the PSD flat and the sys tem nondispersive) .  F o r  the 1/3- 
octave band f i l t e rs  utilized during this na r row band study, the per t inent  var i -  
ables  a r e  presented in  table 3. 

In  fac t ,  

TABLE 3 
NARROW BAND STATISTICAL ERROR 

~~ ~ 

Method No. 
~~ ~~~ 

Record length ( sec )  

Frequencies  (Hz) 

1/3- octave bandwidth (Hz) 

BT number  

AdB 

€ 

E r r o r  (70) 

4 

1.488 

800 

185 

27 5 

0.853 

1.22 

22 

5 

0.744 

3 200 

74 1 

551 

0.602 

1. 15 

15 

6 

0.  186 

12 800 

2 965 

55 1 

0.602 

1. 15 

15 

. ~. 

7 

3.930 

300 

185 

172 

1.078 

1. 28 

28 

DATA 

8 

0.465 

3 200 

74 1 

344 

0.762 

1. 19 

19 

9 

0. 116 

12 800 

2 965 

344 

0.'762 

1. 19 

19 

10 

0. 116 

3 00 

185 

21 

3.09 

2.04 

104 

The l a r g e  expected e r r o r  in row 10 suggested that  those data not be  used. 
--- - --f,.-- 
I I ~ ~ L C L ~ ~ ~ ,  t h c s e  d i t 3  were  used only qualitatively in descr ipt ion r!f s y s t e m  
noise.  
to  s ta t i s t ica l  var ia t ions caused by c o r e  s torage l imitations.  

Method 7 (800 Hz data)  indicates that some  of the Sca-ttcI. l i ~ d y  be duc 

It should b e  noted that fi l tering of the data, although not absolutely essen-  
tial f o r  the descr ip t ion  of na r row band phenomena, i nc reases  the s ta t i s t ica l  
accu racy  of the data  in a convenient manner .  

3. 5 .4  Data interpolation e r r o r s .  - -Cross -co r re l a t ion  values a r e  com- 
puted i n  the  t i m e  domain at only a finite number of t ime  separat ions (mult iples  
of the  incrementa l  lag t ime) .  
Since the  cha rac t e r i s t i c  oscil lation frequency f o r  n a r r o w  band c ross -  
cor re la t ions  of data  is the  geometr ica l  center frequency, the number of points 
f o r  each  n a r r o w  band cycle depends on the definition i n  the t i m e  domain. 
Typically,  f o r  the n a r r o w  band data of this  study, the number of points p e r  
cyc le  va r i ed  f r o m  3 t o  10. Interpolation i s  m o r e  accu ra t e  when the  number  
of points is increased  o r  when the cu rve ' s  shape is known. 

Intermediate  values m u s t  b e  interpolated.  

Conclusions based  on data  with only 3 points is  undoubtedly l e s s  accura te  
than  those  based  on 10. The maximum er ror  fo r  this  aspec t  of da ta  in te rpre-  
ta t ion occur red  f o r  forward-facing s tep ,  aft-facing s t e p  at M1.41, and shock- 
d is turbed  flow data  i n  the  two highest  bands of frequency. Although knowledge 
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of the curve ' s  shape reduces the e r r o r  f r o m  this source ,  some  of the data  
sca t t e r  m a y  be due t o  interpolation e r r o r .  

3. 5 .  5 Sources  f o r  f a l s e  correlat ion.  - -One source  of bias  e r r o r  is the 
possible introduction of a f a l se  cor re la t ion  due to  the f i l t e r  bandwidths becom- 
ing too small .  
determined experimentally.  On the basis  of an empi r i ca l  study in  i b h i c h  t j lc 
f i l tered signals frorn two corripletely uncorrelated random- s ignal  kt,ncrators 
v;ere compared, i t  was determined that,  a t  f r t quenc ic s  1,jvTet than 100 H i ,  
a n  octavt, band o r  m o r e  of f requencies  should be cxaniinc.d, but above th i s ,  
1,/3-octave bands o r  l e s s  could be u s t d .  The bias  cr:or introduced by this 
effect was  al:\ ays  negligiblc ( 2 .  5% o r  l e s s )  in this  sti-dy. 

The extent of this e r r o r  can be  est imated theoret ical ly  o r  

I Currelation noise ,  ' I  a t e r m  used to  signify ar. unuranted indication of 
correlat ion,  was m o r e  i rcublesorne than e r r o r  f r o m  f i l te r  w i d t h .  Sach 
"noist.' is always present  in cor re la t ion  ana lys i s ,  and is due to replacing the 
intcp ration p rocess  by a sumir?ation. 
effect provides enough s ta t i s t ica l  s imi la r i ty  thak this  " c o  r rc lat ion nljisr " 
falscly indicates some  cor re la t ion  between uncorrelated s ignals .  
study, this "corrc1nt;on noisc" appeared ;is i, normal iz rd  cor re la t ion  level  of 
a l )out  0 . 0 5  fo r  all  t i m e s .  Therefore ,  values of this o rdvr  w e r e  not  used.  

The t ime-  averaging (time- smear ing )  

I-ar this  
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4.  RESULTS FROM SUPERSONIC F L O W  

In th i s  sect ion,  the resu l t s  of calculations per formed on the da ta  a re  
Pert inent  comments  a r e  included 

The bulk of the discussion concerning in te rpre ta t ion  o r  
presented graphical ly  o r  numerical ly .  
where  required.  
compar ison  with theory is  to be found in section 5. 
consult  the d iscuss ions  p r io r  to  interpolation o r  extrapolat ion of this  sect ion 's  
content. 

The r e a d e r  is advised to 

The dzta a r e  presented i n  three forms .  F i r s t .  they a r e  presented as  
approximate contours  of equal  cor re la t ion  in the cxc, plane (plane of the s u r -  
f ace )  a t  T = 0. These contours  a r e  extrapolated f rom da ta  para l le l ,  a t  3 0 ° ,  a t  
60° ,  and perpendicular  to  the direct ion of flow. Approximate volumes under  
these  cor re la t ion  su r faces  w e r e  obtained, and a re  presented as an  effective 
a r e a  of unit (per fec t )  cor re la t ion  and an approximate rectangular  shape. The 
length and width of a panel over  which grea tes t  p r e s s u r e  cancellation occur red  
(a t  T = 0)  a re  a l so  presented.  It should be r emembered ,  however,  that t ime-  
varying effects such  as coincidence may  negate the useful lness  of sizing to  
these  dimensions.  Also,  even i f  maximum pressure-cance l la t ion  is  achieved 
f o r  one mode ,  another  mode m a y  be strongly excited. 

Second, da ta  a r e  presented as decay  curves.  

These  cu rves  have been assumed to  be approximately exponen- 

These  a r e  the peak c o r -  
re la t ion values fo r  any par t icu lar  separat ion dis tance plotted as a function of 
separat ion.  
t ia l ,  and an  exponential decay  has  been fitted for  each  s e t  of data.  

The th i rd  method of data  presentat ion is  a plot of the relat ionship of 
separa t ion  dis tance and t ime  displacement  a t  which peak cor re la t ion  occurs .  
The  s lope of this cu rve  gives  the convection velocity. 

4 .  1 Undisturbed Flow 

Contours  of equal cor re la t ion  coefficient for  the t h r e e  1/3-octave bands 
of da t a  examined in detai l  (whose geometr ical  mean-f requencies  were  
we/U, = 0. 01, 0. 04 ,  and 0. 16) are  given in fig. 1. 
of pe r f ec t  co r re l a t ion  in  the plane of the surface have been calculated for  
e a c h  and a r e  given as A / e 2  = 1830, 1660, and 89 respect ively.  Unfortu- 
nately,  due to  the nonl inear  f requency dependence of the da ta ,  interpolation 
between them is not possible.  
of t h e s e  da t a  m o r e  difficult. Actually,  the undisturbed flow dependence on 
f requency  is m o r e  well-behaved than disturbed flows examined, and in that 
s e n s e ,  l ends  i tself  be t te r  to  an  a s sumed  distribution with frequency based on 
coherency  considerat ions.  
(dec reas ing )  function with frequency, but fur ther  definition is required to  
indicate  the exac t  dependence. 
definit ion,  the var iable  of Mach number  would then have to  be introduced as 
a possible  influence on the resu l t s .  

Equivalent square  a r e a s  

XY 

This  inability to  interpolate  m a k e s  application 

The area seems to  be a continuously varying 

However,  even i f  one w e r e  to  a t tempt  such  a 

Considering that the undisturbed flow 
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has the m o s t  un i form dis t r ibut ion with frequency, it is e a s y  t o  understand the 
difficulty in descr ib ing  the frequency dependencies of dis turbed flow. 
t ional  detailed d iscuss ions  of t hese  a spec t s  are contained in sect ion 5. 

Addi- 

In previously documented s tudies ,  the resu l t s  have been presented as  
separated in the t ime  and space  domains for  the f r a m e  of r e fe rence  moving 
with the boundary l aye r .  In that method, the decay of the maxima was given 
as a function of t ime  delay T. 

separabi l i ty  does  not ex is t  in  that f r ame .  
What has resul ted f r o m  the fu r the r  work presented h e r e  is that  the decay i n  
the spatial  separa t ion  plane ( r a the r  than the t ime  plane) ,  and the convection 
velocit ies,  completely desc r ibe  the "separable"  functions. In light of these  
resu l ta ,  the spat ia l  decay f o r  the th ree  1/3-octave bands examined a r e  p r e -  
sented in f igure 2 v e r s u s  spat ia l  separat ion.  
note, however, that  interpolation between these  cu rves  can  not be made .  
This  is due (as mentioned above and descr ibed  in detai l  in p x  5 .3 )  to  the 
variability of decay r a t e  with frequency. 

The r e su l t s  of this  study have indicated that 
Section 5 d i scusses  th i s  m o r e  fully. 

The r e a d e r  m u s t  m a k e  ca re fu l  

The convection velocity was  found to be nondispersive (not frequency- 
dependent) within the accu racy  of the data .  However,  detai led na r row band 
analysis  provided the bas i s  fo r  a be t te r  in te rpre ta t ion  of th i s  var iable .  F o r  
c lose  separation, the convection v6locity is  not a constant.  
rapidly as separa t ion  d is tances  a r e  inc reased ,  until i t  finally becomes  asymp-  
totic to a value of Uc = 0.94  U, fo r  M3. 5 (as previously quoted).  
the nondimensionalized T~ ver sus  ex  ( the slope of which gives  the convection 
velocity) i e  given in  f igure 3 .  Interest ingly enough, i f  it is  a s sumed  that  t h e r e  
is some p re fe r r ed  eddy s i ze  (o r  vortex s i z e )  which predominates  the c o r r e -  
la t ion,  the maximum coherency o r  frequency a t  which the na r row band. c r o s s -  
cor re la t ion  max imizes  in conjunction with the convection velocity should give 
oome est imate  of i t s  re la t ive s i ze  (s ince o / U ,  = k where  k is the wave num- 
b e r  and hence inverse ly  proportional t o  a length dimension) .  The r e su l t s  f o r  
M 3 . 5  undisturbed flow could be  caused by a n  eddy ( o r  vortex)  which s t r e t c h e s  
to nearly four t imes  i t s  or iginal  s i ze  while going f r o m  i t s  or igin to  i t s  final 
location at the outer  f r inges  of the boundary l aye r .  

It i n c r e a s e s  

A plot of 

4 . 2  Aft- Facing Steps 

P r i o r  to  the planning of the exper imenta l  acquis i t ion of da ta  on which th i s  
na r row band analysis  study is based ,  l i t t le  was  known of the pecul ia r i t i es  
asoociated with FPL's in  dis turbed flow. 
been performed,  enough new knowledge ex i s t s  to  allow a be t t e r  investigation 
of cer ta in  phenomena. F o r  example,  the region d i r ec t ly  behind the s t e p  has  
low-level fluctuating p r e s s u r e s ,  predominated by a low-frequency phenome- 
non. 
vital in te res t  f r o m  a s t r u c t u r a l  design point-of-view because  of i t s  cons ider -  
ably higher leve ls ,  with energy  m o r e  uniformly s p r e a d  throughout the f re-  
quency range. 
of the FPL's a r e  quite different  beyond rea t tachment  (on the bas i s  of the c o r -  
re la t ion in the direct ion of the flow). 
advantage o f  this  p r io r  knowledge, the b a s e  region of the af t - facing s t e p  
(within the separa ted  flow) is the only region f o r  which d a t a  w e r e  taken  exten-  
s ively for th i s  d i s turbed  flow geometry .  
f o r e  descr ibe  in  detai l  the a spec t s  l ea rned  about th i s  b a s e  region. 

Now that  a study of th i s  s o r t  has  

The region of reat tachment  well  downst ream of the  s t ep  is  of m o r e  

The r e su l t s  of th i s  study suggest  that  the co r re l a t ion  p rope r t i e s  

Unfortunately,  however ,  without the 

The  r e s t  of t h i s  sect ion will  t he re -  
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Figure 3. Convection Time Vs. Spatial Separation at M 3.45. 
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A s  reported in re ference  1 ,  a s t rong la te ra l  convection (perpendicular  
to  the flow) velocity was observed near  the aft-facing s t ep  face.  
band c ross -co r re l a t ion  permit ted c l o s e r  examination of th i s  phenomenon. 
was  determined that the phenomenon has  to  do with some  kind of p r e s s u r e  
s o u r c e  moving in a direct ion perpendicular to the boundary l aye r .  
the observat ions a r e  summar ized  below: 

Narrow 
It 

Some of 

(1) Maximum coherency i s  in the s a m e  nar row band of f;equencies a t  
which the psd peak occur s  (wO/U, E 0.01)  for both M1.41 and M3.48. 

The velocity of propagation along the s t ep  face perpendicular to the 
flow is on the o r d e r  of 0. 15 to  0 . 3  of the f r e e - s t r e a m  velocity. 

(2) 

( 3 )  The resultant velocity vector which gene ia t e s  the appropriate  veloc- 
i t i es  measu red  in the two perpendicular direct ions x and z was 
0.44 U, a t  both Mach numbers  and at  an angle (assuming a s t ra ight  
l ine between the points) of - 13.8 MZ t 9 0 "  with the flow. 
enough, the l ine going through the two points in te rsec ted  9 0 "  at  z e r o  
Mach number (as indicated by the equation). 
be a flow phenomenon which "peels" off the top edge of the s t ep  a t  
some  angle,  depending on the flow speed. 

Surpris ingly 

One explanation might 

(4)  The spat ia l  cor re la t ion  contours show decided elongations in the 
d i rec t ion  of propagation of this  phenomenon. 

To identify the source  of this  peculiari ty,  s eve ra l  fac tors  w e r e  considered. 
F i r s t ,  i f  i t  was an  acoust ical  sou rce ,  the speed of sound should have been 
observable  in e i ther  a direct ion perpendicular to the flow o r  a t  some  other  
angle in the region of t rapped recirculat ing a i r .  By checking the two Mach 
numbers  avai lable ,  it was definitely not identifiable as sound waves for  M1.41, 
but coincidentally could have been at M3.48. 
assuming s o m e  s o r t  of cavity phenomenon where the flow t r anve r sed  an  open- 
ing of a t r iangular-shaped finite cavity. 
concluded on page 99 that ,  "on t he  basis  of  experirner~tal  r~i ir le i icr .  t r ans -  
v e r s e  m o d e s  a r e  not normally excited. " 

Reference 6 was examined,  

However. the au thors  of that paper 

If an  edgetone-like feedback sys tem existed,  the frequency should have 
been proportional to  some  wavelength t imes a velocity divided by t h e  dis tance 
between the edge and the flow source.  If the two walls a t  fixed dis tances  were  
involved, the frequency should have changed because the velocity changes.  If 
the flow ove r  the af t - facing s t ep  edge and the location of reat tachment  were  
the sou rce  and edge respect ively,  the frequency should have changed due to 
the shortening of the separa ted  flow extent with Mach numbers .  
f requency did not change, nei ther  of these  explanations is suggested.  

Since the 

Another possibil i ty is  a vortex shedding off the top edge of the step.  Such 
a possibi l i ty  would permi t  the velocity to  be Mach number-dependent ,  and the 
frequency to  be dependent On geometry (constaat  frequency).  It i s  cer ta inly 
of i n t e re s t  t o  investigate the existence and sources  of such a n  FPL in t e r m s  
of o ther  geomet r i e s  f o r  af t - facing s teps:  
o r  a three-d imens iona l ,  axially symmetr ic  model  on which no physical 
r e s t r i c t ions  exis t  in the z direct ion (perpendicular to  the flow). 

for example,  different s tep heights,  
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The broad band r e su l t s  quoted in  re ference  1 indicated a convection 
velocity that was  very high (approximately equal to the f r e e - s t r e a m  velocity) 
in the  z direction. The  r e su l t s  of th i s  na r row band analysis  indicate that the  
ac tua l  velocity of the phenomenon i n  the z direct ion is quite low. However,  
i f  the  average is taken over  all f requencies ,  the  t r a c e  velocity f o r  the high 
frequencies (wO/U, 
in the z direction. 
infinity for the frequencies  not affected by a phenomenon moving to the s ide ,  
s ince  they would only have a velocity in the x direction. Hence, the broad- 
band average gave a n  i n c o r r e c t  i l lusion of very high l a t e r a l  convection 
velocities. 

0 .  16)  a r e  a s  much  as  10 t i m e s  the  f r e e - s t r e a m  velocity 
This  is  what would occur  i f  the  t r a c e  velocity approached 

With the obvious predominence of th i s  low-frequency source  moving p e r -  

Hence, the 
pendicular to the flow n e a r  the s t e p  face ,  all the r e su l t s  f rom th is  study f o r  
aft-facing s t eps  m u s t  be considered a s  strongly influenced by it.  
correlat ion propert ies  cannot be a s sumed  equivalent to those unde r ,  o r  down- 
s t r e a m  of, reattachment.  However,  i f  such  a sourc'e ordinar i ly  ex i s t s  behind 
aft-facing s t e p s ,  the r e su l t s  presented h e r e  could be representat ive of  th i s  
phenomenon. F igures  4 and 5 show the co r re l a t ion  coefficients in  contours  
of equal values. F igures  6 and 7 show the spat ia l  decay of the  maxima for  
the three  nar row bands examined. 
t rend with frequency but seem to indicate a m o r e  rapid decay with increasing 
Mach number. In paragraph  5. 3 ,  a m o r e  complete  discussion i s  given con-  
cerning the frequency dependence for  dis turbed flow. 
discussion, that  examining t h r e e  widely separa ted  nar row bands of d a t a  wil l  
not necessar i ly  convey a c l e a r  p ic ture  of t he  frequency dependence un le s s  
the coherency remains  invariant with spa t ia l  separat ion and Mach number  f o r  
each  disturbed flow phenomenon. With the  l imited data  available in th i s  s tudy,  
and the inherent s ta t i s t ica l  s c a t t e r ,  such  a n  assumption of invariance is nei- 
ther  substantiated nor  disproved. The convection velocit ies for  all f requencies  
examined downst ream of reat tachment  proved to  be constant a f t e r  a spa t ia l  
separation of ex/e = 12, at  0.645 U, for  M1.41 and 0.4 U, for  M 3 . 4 8  as 
shown in f igure  8. 
vection velocities t o  the t r u e  boundary l a y e r  velocit ies before and a f t e r  r ea t -  
tachment,  t hese  being different f rom U,. A decided kink in the convection 
velocity versus  spat ia l  separat ion at sx/e  = 12 might  be explained by the 
same sor t  of eruption p rocess  source  downst ream of reat tachment  as is in 
evidence fo r  undisturbed flow; i. e . ,  the  predominant sou rce  is genera ted ,  
quickly moves to  a different s t r a t a  of the boundary l a y e r  during which t ime  
i t  l o ses  a g r e a t  dea l  of i t s  identity,  and then continues downst ream a t  a 
fixed velocity, retaining res idues  of i t s  o r ig ina l  identity for  long per iods of 
t ime.  

The decay c u r v e s  d o  not show a consistant 

It is c l e a r  f r o m  that 

However, no at tempt  has been made  t o  relate these  con- 

Assuming symmet ry  in two quadrants ,  equivalent rectangular  a reas  ove r  
which i t  can be assumed that perfect  c o r r e l a t i o n  exists are:  
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F o r  maximum pres su re  cancellation to occur  in  the fundamental bending 
mode  of a s t r u c t u r a l  panel, accounting f o r  the negative lobe of t h e  correlat ion 
coefficient, the  panel dimensions should be L / 8  = 67,  L/W = 1 .4  for  
wO/U, = 0. 01 o r  0. 16, and L/8 = 40, L / W  = 2 .4  for  u13/Urn = 0.04 fo r  
M1.41. By M3.48, no .significant p re s su re  cancellation effects  could be 
observed. 

1 

4. 3 Forward-  Facing Step 

Of the dis turbed flow phenomena investigated experimentally,  the forward- 
facing s t e p  data  a r e  the  mos t  suitable for  analysis.  
the locations a re  suitable for  descr ipt ion of cha rac t e r i s t i c s  of the  highest 
p r e s s u r e  l eve l s  a t  the two-dirrieiislolial 
a r e  comprehensive.  
difficult to  i n t e rp re t ,  demonstrat ing the complexity of dist>ui bed flow 
phenomena. 

The data quality i s  good,  

p k n c  of t h e  boundary, and the r e su l t s  
With all oi  these advantages, s o i i ~ e  aspczcts \;ere st i l l  

As  a n  example,  the  low frequencies  near the s t e p  face w e r e  apparently 
par t ia l ly  influenced by p res su re  signals ca r r i ed  by the r e v e r s e  flow. 
the  c r o s s -  co r re l a t ions  indicated a positive and negative convection velocity 
with the z e r o  c ross ing  (cor re la t ion  coefficient) undoubtedly affected by the  
exis tence of two peaks on e i ther  s ide  of T = 0. 
co r re l a t ed ,  l o s e  coherence rapidly in  space,  t r ave l  a t  similar speeds but in  
the opposite direct ion a s  the p r imary  signal,  a r e  not observable  in any d i r ec -  
tion o the r  than para l le l  with the flow, and a r e  r e s t r i c t ed  to  the low frequen- 
cies.  F o r  these r easons ,  the re f lec ted  signal (o r  signal c a r r i e d  by r e v e r s e  
flow) da ta  w e r e  not t r ea t ed  specifically in this  r epor t  although they a r e  
absorbed  by the  ove ra l l  d e s c r i p t o r s  (e .  g. , cor re l a t ion  coefficients). 

Hence, 

These s igna ls  a r e  m o r e  poorly 

The d a t a  presented fo r  nar row band analysis of a forward-facing s t ep  
a r e  fo r  a Mach  number  of 3.45. 
ing of the  s u r f a c e  areas  over  which correlat ion occurs  when the region of 

Data from aft-facing s t eps  indicate a s t re tch-  
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separated flow is s t re tched.  
facing s tep region of separa ted  flow. 
so application of these  data  to  different Mach numbers  should be done with 
caution until fu r the r  investigation of this aspec t  has  been accomplished. 

A similar condition is expected for the forward-  
No da ta  ex is t s  to verify this  assumption,  

Figure 9 shows the contours of equal cor re la t ion  coefficient within the 
region of separa ted  flow for  the three  frequency regions examined. 
marked  d ispers ive  tendency was exhibited, so  the slope of the curve  in  fig- 
u r e  10 shows the convection velocity for any band of f requencies  within the 
range of th i s  study. 
approximately k X / O  = 8 is equal t o  0 .71 U,, but is equal t o  approximately 
0.86 U 2  where U2 is the  est imated velocity of the separa ted  boundary l aye r .  
Figure 11 shows, f o r  purposes  of comparison,  the rat io  of gc /U,  for  undis- 
turbed supersonic flow and Uc/U2 for  forward-facing s t ep  flow within the 
region of separat ion.  Here,  Uc is the average  convection velocity for  a pa r -  
t icular  separat ion dis tance calculated to be (,/., where  5, i s  the separa t ion  
distance between measu remen t  locations and T~ is the t ime displacement  a t  
which the nar row band c ross -co r re l a t ion  reaches  a maximum.  A s  can  be 
seen,  the comparison is  very good, (considering that the value of U2 has been 
estimated and could be somewhat low) suggesting that the m a j o r  sou rce  for  
the pressure  s ignature  at the wall  is the separa ted  turbulent boundary l aye r .  

N o  

The constant U c  observed beyond a spat ia l  separa t ion  of 

Figure 12 presents. the spat ia l  decay of the nar row band cor re la t ion  coef- 
The r eade r  is reminded that interpolation is not possible because of 

(See par .  5. 3 for  fur ther  detai ls .  ) 
ficients. 
the complex frequency dependence. 

Es t imates  of the equivalent a r e a  rectangular  over  which the in-phase 
p re s su res  can be assumed to  be perfectly co r re l a t ed  have been m a d e  for  all 
th ree  frequency ranges.  
mize ,  the equivalent a r e a s  have been calculated assuming symmet ry  i n  two 
quadrants as the following: 

Near  the s tep  face where  the p r e s s u r e  levels  maxi- 

w e  2 - = 0.01,  A = 160 e ucn XY 

In the mid-  and high-frequency r anges ,  negative cor re la t ion  coefficients 
imply p res su re  cancellation effects m a y  occur .  
ra t ios  and optimum sizing of a r e a s  to  advantageously incorpora te  t h e s e  e f fec ts  
in a design nomograph proved imprac t ica l .  No col lapse of the opt imum areas 
was possible in  disturbed flow because o f  the pecul iar  f requency dependence. 

A study of length-to-width 

36 



i 

% 
El 
L 
U 
0 
2 

I- 
0 
:: 
E 
0 

I 

0 

h e  
+ 

10 

20 

t 
30 

40 

50 

60 

70 
0 10 20 30 40 50 

Figure 9. Contours of Equal Correlation Coefficient, Forward-Facing Step, M 3.45. - Page 1 of 2. 

37 



Figure 9. Contours of Equal Correlation Coefficients Forward-Facing Step, M 3.45. - Concluded 
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Also, frequencies a t  which these  effects  occur  are usually well  beyond the 
c r i t i ca l  f i r s t  bending mode  f requencies  of loca l  s t ruc ture .  
Mach number dependence was  not available.  
s o  many var iab les  negated the usefulness  of such  a study. 

In addition, the 
The complexity resul t ing f rom 

Figure 13 exemplifies th i s  l ack  of consistency. It shows an ave rage  nor -  
mal ized cor re la t ion  coefficient p e r  incrementa l  area (an area l e s s  than one 
r e su l t s  in  normalized cor re la t ion  coefficients g r e a t e r  than one) v e r s u s  the  
nondimensionalized spat ia l  separat ion dis tance in the x direct ion t i m e s  the 
cen te r  band frequency. 
p r e s s u r e  cancel la t ion has  occurred .  However, to  be  prac t ica l  as a des ign  
cha r t ,  the cu rves  f o r  respec t ive  L / W  (length-to-width r a t io s )  and different  
na r row bands of da ta  should all col lapse onto a single curve .  
does not happen. 

When t h e  curve  c r o s s e s  the z e r o  axis, complete  

Obviously, this  

4 . 4  Shock-Disturbed Flow 

In re ference  1, difficulty was  encountered in  analyzing the da ta  f r o m  the 
disturbed flow which was  a resu l t  of a shock impinging on, and interact ing 
with, the boundary l aye r .  At that  t ime,  i t  was suggested that these  da ta  
should be examined,  using nonstat ionary da ta  reduction techniques.  Some 
fu r the r  work has  been per formed which c la r i f ies  ce r t a in  a spec t s  of the 
phenomenon. 

F i r s t ,  m e a n  squa red  t ime  h is tor ies  of s e v e r a l  t r a c k s  of da ta  (cor respond-  
ing to  locations nea r  the position of shock impingement)  w e r e  recorded .  
inspection, one key position was el iminated as bad o r  in te rmi t ten t  da ta .  
t r a c k  in question showed' e r r a t i c  behavior punctuated by voltage sp ikes  of con- 
s iderable  amplitude.  
physical  location of the microphone--whether  beneath the  shock o r  wel l  behind 
it.  
tion of  the testing period. 
associated with the location d i rec t ly  below the position of shock impingement .  
Deleting th i s  m e a s u r e m e n t  confined the study to  examinat ion of the F P L ' s  in  
f ront  of the position of impingement,  o r  behind it, but not under  o r  through it.  
(The spatial  extent of the shock impingement  was  ex t r eme ly  local ized) .  

By 
The 

This  e lec t r ica l  behavior  was  noted r e g a r d l e s s  of the  

It was concluded that th i s  t r a c k  was  not operat ing proper ly  during a por-  
Unfortunately, the microphone in quest ion was  

The recorded  da ta  f rom one microphone ,  located jus t  in f ront  of the  posi-  
t ion of shock impingement during a t e s t  t o  invest igate  F P L  c h a r a c t e r i s t i c s  in  
the direct ion of the flow and located behind the shock when investigating the 
direct ion perpendicular  t o  the flow, indicated the following c h a r a c t e r i s t i c s :  
when just in front of the shock, the leve l  of the da t a  inc reased  s teadi ly  with 
t ime ,  euggesting that  the region of d i s turbed  flow c r e p t  slowly u p s t r e a m  d u r -  
ing the testing per iod,  but when located behind the posit ion of shock impinge-  
men t ,  the da ta  w e r e  s tabi l ized a t  the  higher  l eve l s  indicative of that  position. 
The  t ime-varying da ta  ( f rom in front of the shock)  w e r e  examined by the 
technique suggested in  re ference  7 f o r  t ime-  varying spec t r a .  
values for frequency-band-limited s a m p l e s  of differ ing geomet r i ca l  m e a n  
frequencies  w e r e  t ime  averaged.  The resu l tan t  m e a n  s q u a r e  for  e a c h  band 
of f requencies  was  then converted to  a power - spec t rum leve l  by dividing by 
the respect ive bandwidths, a s suming  uni form ene rgy  dis t r ibut ion o v e r  the 
band. 

Mean squa red  

This calculated power s p e c t r u m  was  then compared  to  the power 
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spectrum originally found when s ta t ionari ty  was assumed,  and a small t ime  
interval was uti l ized to calculate  a n  autocorrelat ion and i t s  Four i e r  t r a n s -  
f o r m ,  a power-spec t ra l  density.  
actual  magnitudes co r re l a t e  well  for  the two positions: 
behind the position of shock impingement.  A s  can be s e e n  in f igure 14, r e l a -  
t ive changes co r re l a t e  well, though d i f fe rences  exis t  between the two methods 
of da ta  reduction. Since these  minor  differences a r e  i n  evidence during both 
stationary and slowly t ime-  varying o r  "non- stationary" p rocesses ,  they can 
be neglected. Hence, i t  m a y  be concluded that s ta t ionary da ta  process ing  i s  
permissible  on the weakly s ta t ionary da ta  involved. 
this conclusion, the two s e t s  of data  w e r e  examined by means  of the t e s t  f o r  
equivalence of power spec t r a  given in re ference  7 (eq. 5. 166). 
t ical  e r r o r  calculated for  each  was negligibly smal l ,  and the calculation indi- 
cated the two pa i r s  of spec t r a  were  acceptably the same .  
the weakly s ta t ionary da ta  (slowly t ime-varying signal f rom i n  front of the  
shock)  may  be a s  successful ly  handled by mathemat ica l  calculations which 
a s sume  stat ionari ty  as can the data  f rom behind the shock. 

The resu l t  is plotted in  figure 14. The 
pr ior  to and well-  

As a fu r the r  check on 

The s ta t i s -  

This ver i f ies  that  

No depar ture  f rom stat ionari ty  was i n  evidence at  high frequencies .  
is attr ibutable to the t ime  variation being caused by the flow separa t ion  moving 
slowly ups t ream and the position of i n t e re s t  reflecting the inc rease  in "low"- 
frequency energy only (indicative of shock-dis turbed flow). 

This 

Al l  the  other  da ta  t r acks  examined exhibited excellent t ime  invariance.  
With the deletion of the e r r a t i c  da ta  and substantiation of the data  calculations 
assuming s ta t ionari ty ,  the broad band r e su l t s  fo r  shock-disturbed flow w e r e  
re-examined. As a result,.  i t  was establ ished that the convection velocity in  
the region d i rec t ly  behind the shock-boundary l a y e r  interact ion was  quite 
low--on the o r d e r  of U c  = 0.3U, o r  U c  = 0.34U2 where  U2 was the  es t imated  
s t r e a m  velocity (a function of shock s t rength)  behind the  impinging and 
reflected shocks.  It should be noted that  unlike other  types of flow, no va r i -  
ation in convection velocity was apparent  with spat ia l  separat ion.  
the basis  of  the  above evaluation of da ta  validity, it was concluded that  t he  
small a r e a s  over  which the broad band p r e s s u r e  s igna tures  a r e  c o r r e l a t e d  in  
the immediate  vicinity of a shock wave a r e  c o r r e c t  as quoted in  r e fe rence  1. 

Also,  on 

These re  su l t s  might be explained by the  following physical  interpretat ion:  
the impingement of the shock in te rac ts  with the  boundary l a y e r  ( somet imes  
caueing flow eeparat ion)  and genera tes  cons iderable  l a rge -  sca le  (low-frequency) 
turbulence in the lower s t r a t a  (low-velocity) region of the  boundary l aye r .  
These  l a rge  eddies  a r e  quickly d iss ipa ted ,  but the res idue  of turbulence l a s t s  
f o r  a long dis tance downstream. An e s t i m a t e  can b e  m a d e  of the length  (over  
which residuals  a r e  observable)  on the bas i s  of s ta t ic  p r e s s u r e  dis t r ibut ions.  
The est imate  for  the shock-dis turbed flow exper iment  pe r fo rmed  and desc r ibed  
i n  re ference  8 was over  10 boundary l a y e r  th icknesses  downst ream.  

The na r row band analysis  of the shock-dis turbed flow da ta  a g r e e s  with 
the above r e a s s e s s m e n t  of the  broad band analysis .  F i g u r e  15 shows the con- 
tou r s  of equal cor re la t ion  coefficients,  while  f igu re  16 indicates  the  spa t ia l  
decay for  the na r row bands of f requencies  examined (again assuming an expo- 
nential  decay). 
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Figure 15. Contours of Equal Correlation Coefficient, Shock - Disturbed Flow, M 3.45. 
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5. DISCUSSION 

In this  sect ion,  t ransformat ions  a r e  developed by which the  var iab les  a r e  
separa ted  and mathematical  descr ipt ions a r e  foiliid. I~i!uzzci.;.,g f a c t o r   re 
discussed ,  and t rends  a r e  indicated. Where possible,  general izat ions have 
been made which permi t  comparison of the data with theore t ica l  models  of the 
flow mechanisms that produce the fluctuating p r e s s u r e s  a t  the wall. 

5. 1 Separabili ty of the Temporal  and Spatial  Variables  

An intuitively appealing and commonly assumed descr ip t ion  of broad band 
c r o s s -  cor re la t ion  functions embodies separabili ty of the tempora l  and spat ia l  
var iab les  in a coordinate sys t em moving with the  boundary layer .  Since many 
theoret ic ians  and exper imenters  have used this assumption in  broad band anal-  
y ses  with some s u c c e s s ,  and s e v e r a l  experimenters  have used the s a m e  
assumption f o r  nar row band data ,  separabili ty in  the boundary layer  f r a m e  
was assumed fo r  this analysis .  However, resul ts  showed s o m e  anomalous 
behavior.  
replacement  by an assumption m o r e  consistent with the  data .  

This led to  a reevaluation of the  assumption and i ts  subsequent 

If the assumption of separabi l i ty  in  the  moving f r a m e  i s  used ,  data 
obtained in  the  fixed f r a m e  is t ransformed to the moving f r a m e  by the Galilean 
t ransfn rmation pa i r  

9, = 5, - UCT 

tx = 9, 

where  g X , ~  a r e  separat ion dis tance and  
Uc is the convection velocity a s  defined 
$x, 9t a r e  separa t ion  dis tance and t ime 
re ference .  

+ Uc+t 
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t ime displacement  in  the  fixed f r a m e ,  
more  completely in  pa r .  5 .  3, and 
displacement in  the  moving f r a m e  of 



Separability in the moving f r a m e  can therefore  be mathematical ly  
expressed a s  

where R,(~, ,T)  is the c ros s -co r re l a t ion  in the direct ion of the flow, RM is 
the c ross -cor re la t ion  in  the moving f r a m e ,  and RM1 and RM2 a r e  the sepa-  
ra ted  spatial  and t empora l  functions. 
ated in the following manner .  

The separa ted  functions may be gener-  
Along the ex ax i s ,  T = 0 , and 

Which defines the function RM1. 
which occurs a t  tX = U C ~ ,  on to the T ax is ,  r e su l t s  in 

Project ing the peaks of the c ros s -co r re l a t ion ,  

this  defines a function RMz. 
m u m  value of 1, which occurs  at  the origin.  
f r a m e  exis ts ,  these  functions can now be used to predict  the c ros s -co r re l a t ion  
a t  any point in  the space- t ime plane. 

Both functions a r e  symmet r i c  and have a maxi-  
If separabi l i ty  in  the moving 

In par t icu lar ,  one can predict  the autocorrelat ion and then compare  i t  
with the data presented  in f igure 17. 
valid assumption, the autocorrelat ion will  be (using the s y m m e t r y  relat ions 
presented in paragraph  5 .2) :  

If Separabili ty in the moving f r a m e  is a 

F igures  18, 10, 19, and 20 present  the curves  RM1(f,x), E x  = U C ~ ,  R M ~ ( T ) ,  
R M l ( U C ~ ) R M 2 ( ~ )  and the autocorrelat ion calculated f r o m  the data  for  a forward-  
facing step at  ue/U, = 0. 16. The other  data  have similar behavior .  
obvious inconsistency between the au tocorre la t ion  predicted by using the 
assumption of separabi l i ty  in  the moving f r a m e  and the au tocorre la t ion  com- 
puted from the data  suggests  that  separabi l i ty  i n  the  moving f r a m e  is  not a 
valid assumption f o r  na r row band data.  

The 

However, examination of the s t r u c t u r e  of the  mathemat ica l  descr ip t ion  of 
a narrow band c ross -co r re l a t ion  sugges ts  that  t h e r e  is a f r a m e  in which the 
c ross -cor re la t ion  is separable .  The re fo re ,  it i s  n e c e s s a r y  to develop the 
mathematical  descr ipt ion of the  c r o s s -  cor re la t ion .  
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If the bandwidth A is sufficiently na r row to approximate the one-sided, 
c ros s - spec t r a l  density as  constant Pap, and if the  flow is nondispersive,  the 
c ross -cor re la t ion  in the fixed f r a m e  of reference is 

w , t A / 2  
s i n  { W(T - K I} P cos  {W(T - K)} d o  = P ap 4 (T- K )  

= fm 0 - A / 2  

Lu +a12 / 
0 

wo- A / 2  

normalizing by l / A  4- / a P  

w h e r e K i s  the  r a t e  of change of phase-angle with frequency. 
s lope of the c ros s - spec t rum is taken into account, the effect is of o r d e r  
(T - K ) 2  and, therefore ,  does not strongly influence the  resu l t s  nea r  the peak 
(7 = K). 
f?ows an6 f requency ranges.  f o r  the t imes  considered in this study 

If a non-zero 

The effect of non-zero  s lope was  found to  be l e s s  than 570 for  a l l  

Similar ly ,  s m a l l  amounts of d i spers ion  do not se r ious ly  effect the r e su l t s .  

F igu re  20 indicates the predicted autocorrelation which is identical  to 
the c ros s -co r re l a t ion  evaluated fo r  K = 0 ,  and compares  i t  with representa-  
t ive exper imenta l  autocorrelat ion poinis. When the p r e s s u r e  is acting on a 
s t r u c t u r e  with 10~7 damping, the s t ruc tu re  responds only to the Four i e r  com- 
ponents of the  p r e s s u r e  in a band of frequencies near  the resonance f requpr-  
c ies  of the  s t ruc tu re .  Hence, the s t ruc ture  ac t s  like a f i l t e r  on the p r e s s u r e  
s ignature .  
nance peak of the s t ruc tu re ,  and the center f requency of the f i l t e r  corresponds 
t o  the resonance frequency i tself .  
rneasured in  t e r m s  of Q, the  dynamic emplification f ac to r ,  

The bandwidth of the f i l t e r  corresponds to  the  width of the reso-  

The width of the resonance peak is usually 

0 0  L \ : -  
Q 
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The genera l  f o r m  of the normalized na r row band c ross -co r re l a t ion  in 
t e rms  of the s t ruc tu ra l  var iab le  Q and resonance frequency w is 

0 

1 Ex = q x  

C O S  { w ~ ( T  - K)} 

The data indicated that fo r  most  frequency ranges and mos t  flows the 
narrow band data could be represented a s  having a constant amplitude c r o s s -  
spectrum within the band and a s  being nondispersive.  Hence, for  sufficiently 
narrow bands ( A  5 w0/4) ,  the c ross -cor re la t ions  will  be identical  except fo r  
a n  amplitude f ac to r  and t rans la t ion  of the peak to T = K. The r a t e  of change 
of phase angle with frequency, K, i s  equal to the ra t io  of separat ion dis tance 
to  convection velocity, e x  = UcK. 
Pap is, in general ,  only a function of separat ion d is tance ,  the na r row band 
c ross -co r re l a t ion  can be wri t ten 

Since the amplitude of the c r o s s - s p e c t r u m  

This is of the f o r m  

This means that the c ros s -co r re l a t ion  i s  separable  using the t r a n s f o r m  pair  

- 
’x - Ex 
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where q x  and q , a r e  the spa t ia l  and tempora l  coordinates in a r e t a rded  t i m e  
f r a m e  of re ference .  So the c ross -cor re la t ion  m a y  be wr i t ten  

where RT is the c ros s -co r re l a t ion  in the retarded t i m e  f r a m e ,  and RT1 and 
RT2 a r e  the sepa ra t ed  spa t ia l  and t e m p o r a l  functions. 

autocor  re la t ion,  

The separa ted  func- 
tions il-- M Y  - -  be gcse ra t ed  in the following manner:  along Ex = 0, the 

R X ( O , ~ )  = R T 1 ( 0 ) R T 2 ( ~ )  = R T 2 ( ~ )  (25) 

which genera tes  the function RT2. 
which occur  at 5, = UCT, a r e  projected on the cx axis  

If the peaks of the c ros s -co r re l a t ion ,  

which genera tes  t he  function RT1. 

If separabi l i ty  i n  the r e t a rded  t ime  f r a m e  ex i s t s ,  the separa ted  functions 
should be able  to  predict  the  c ros s -co r re l a t ion  at any point i n  the space- t ime 
plane. 
compared with the experimental  data.  
re ta rded  t i m e  f r a m e  is c o r r e c t ,  the spatia! ccrrelation wil l  be (using the 
s y m m e t r y  re la t ion  in  pa r .  5. 2): 

In pa r t i cu la r ,  the spa t ia l  correlat ion Rx(Ex, 0) can be predicted and 
If the assumption of separabi l i ty  in the  

Rx(E,Y 0) = RT1(Sx)RT ( -- e x )  = RTl(kx)RT2($) 
uc  

The appropr ia te  curves  a r e  given f o r  RT1(Sx) (fig. 12); 6 
R T ~ ( T )  (fig. 17); RT1(cx)RT2((x/Uc) and the spa t ia l  corre)fation f r o m  the 
exper imenta l  data  are presented  in  f igure  21. 
predicted and exper imenta l  spa t ia l  correlat ion provides  s t rong  support  fo r  
t he  assumption of separabi l i ty  in the retarded t i m e  f r a m e  of re ference .  

= Ucf(f ig .  10); 

The good agreement  between 

5.2 Implicat ions of a Retarded T ime  Transformat ion  

The u s e  of a r e t a rded  t ime  f r a m e  instead of a f r a m e  moving with the 
boundary l aye r  h a s  many implications.  In th i s  sect ion,  a mathematical  
in te rpre ta t ion  of t he  effect  of the two t ransformat ions  on the separa t ion  
d i s t ance - t ime  corr .e la t ion space  is presented. 
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The effects of the two coordinate t ransformations d iscussed  in para-  
graph 5. 1 can be m o r e  easi ly  visualized in t e r m s  of a three-dimensional  
sur face  in  correlat ion-  separa t ion  dis tance- t ime displacement  space.  
u r e s  22  through 24 r ep resen t  the sur face  fo r  the fixed f r a m e ,  the f r a m e  mov- 
ing with the boundary layer ,  and the re ta rded  t ime  f r a m e .  
t ransformations a c t  on the space- t ime plane. Thei r  effect can be m o r e  
easi ly  understood by considering the shaded rectangle in  the fixed plane 
(fig. 2). 

Fig- 

The coordinate 

The effect of the Galilean t ransformat ion  f r o m  the fixed f r a m e  to  the 
moving f r a m e ,  

is to  s h e a r  the  plane i n  the negative direction para l le l  to  the spa t ia l  axis  by 
an  amount U C ~ .  
which is not general ly  t rue .  
diagonal of the rectangle  ( E  
logram which coincides w i d  the  tempora l  axis. 
t ime  t ransformat ion ,  

F o r  purposes  of i l lustrat ion,  U c  has  been drawn a s  constant,  
The rectangle becomes a para l le logram and the 
= U c ~ )  is mapped into the diagonal of the para l -  

The effect of the re ta rded  

is similar to that  of the Galilean t ransformation.  In this  case ,  however,  the 
shear ing  is pa ra l l e l  to  the tempora l  axis by the amount 
diagonal of the para l le logram (tX = U c ~ )  coincides with &e spat ia l  ax is .  

/Uc ,  and the 

The effect of the t ransformat ions  on the c ros s -co r re l a t ion  can be m o r e  
An amplitude line eas i ly  understood in t e r m s  of amplitude and phase lines. 

is a line along which the envelope of the c ros s -co r re l a t ion  has constant 
amplitude except f o r  bandwidth attenuation. 
lope would have constant amplitude f o r  an  infinitely na r row f i l te r .  
l a r ,  reca l l ing  the mathematical  descr ipt ion of a nar row band c ross -co r re l a t ion  
(eq.  21), it  is a l ine where P is constant,  a line of constant 6,. 

It  is a line along which the enve- 
In par t icu-  

QP 
Simi lar ly ,  a line of constant phase i s  one along which the phase of the 

cosine function is constant.  i s  determined a s  the 
location of peaks of the  c ros s -co r re l a t ion ,  it is a fine of constant phase. 
shown in f igures  22  to 24,  the  Galilean t ransformation br ings the lines of 

Since the line Ex = U 
AS 
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Figure 23. Cross-Correlation in the Moving Frame of Reference 
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constant phase pa ra l l e l  to  the tempora l  axis ,  but the  l ines of constant 
amplitude a r e  now pa ra l l e l  to the line J1, = -UcJ1t. 
t ime  t ransformat ion  does not affect the amplitude l ines ,  but the phase l ines 
a r e  brought para l le l  to  the spat ia l  axis .  
re tarded t ime  coordinate s y s t e m  a r e  the phase and amplitude l ines orthogonal. 
Therefore ,  it is only in the retarded t ime  sys tem that the c ros s -co r re l a t ion  
can be descr ibed  as a product of an  amplitude cu rve  and a phase curve.  

However, the re ta rded  

It can b e  seen  that  only in  the  

The bas ic  symmet ry  proper t ies  of the c ros s -  cor re la t ion  provide some  
insight into the two t ransformat ions  and provide additional support  f o r  the 
re ta rded  t ime  t ransformat ion .  
revers ing  microphones and then reversing. the t i m e  displacement  cannot 
affect the c ros s -co r re l a t ion ,  S O  in  the fixed f r a m e ,  the c ros s -co r re l a t ion  has 
a center  of symmet ry  a t  the or igin,  

The basic  symmetry  s t e m s  f r o m  the fac t  that  

Both of the coordinate t ransformat ions  a r e  symmet r i c  s o  the s a m e  symmet ry  
relations hold in the t ransformed coordinate sys t ems .  This implies  the sepa-  
ra ted functions RM1, RM2, RT1, RT2 must  a l so  be symmet r i c .  
functions a r e  symmet r i c ,  it  follows that in any coordinate sys t em where  sepa-  
rabil i ty is to  hold, the coordinate axes  must  be l ines of symmetry .  
words 

If t hese  

In other  

i t  w a s  shovm i n  paragraph  5 . 1  that  the c ros s -co r re l a t ion  i s  symmet r i c  about 
T = I( (6, = U C ~ ) .  
is c l e a r  that  symmet ry  about the coordinate axes  is violate:! j.2 the f r a m e  
moving with the boundary layer .  
the s y m m e t r y  requi rements  a r e  met .  

F e r  any fixed separat ion then, r e fe r r ing  to f igure 2 3 ,  it  

However, i n  the  re ta rded  t ime  f r a m e  (f ig .  24) 

It has  been shown that the r e t a rded  t ime f r a m e  of re ference  a g r e e s  well  
not only with what is mathematical ly  expected but a l so  with experimental  data .  
This  is  i n  contradiction to  the assumption of separabi l i ty  in the f r a m e  moving 
with the boundary l aye r  which has  been successfully used for  broad band work. 
Therefore ,  one of the following three  conclusions mus t  be reached: 
data  taken in this  experiment  a r e  not representat ive of t rue  narrow band 
phenomena; (2 )  t h e r e  is no contradiction because narrow band and broad band 
phenomena do not behave in the s a m e  manner;  o r  (3)  the  assumption of sepa-  
rabi l i ty  in the moving f r a m e  is not co r rec t  for  the broad band. 
r e s e a r c h  will  be requi red  to absolutely determine which of these  conclusions 
is c o r r e c t ;  however ,  some of the arguments  for  each a r e  presented a t  this  
t ime.  

( 1 )  the 

F u r t h e r  

The first hypothesis i s  that  the method of data analysis  used in  this  
experiment  does not completely and accurately ex t rac t  nar row band informa- 
tion. 
ce r t a in  band of f requencies ,  t he i r  c ross -cor re la t ions  would not be the s a m e  

That i s ,  if the sou rces  of p re s su re  fluctuation were  acting in only a 



as  the c r o s s -  correlat ions produced by fi l tering tape- recorded  p r e s s u r e  
fluctuations that w e r e  caused by  Sources  with a wide range of f requencies .  
If the p r e s s u r e  t ime  h i s to ry  a t  a given t r ansduce r  has  a na r row band power 
spec t r a l  density, then the c r o s s -  spec t r a l  density m u s t  have the s a m e  na r row 
band, because  by definition (eq. 1) it is the expected value of the product of 
the signals,  both f i l t e red  a t  the s a m e  frequency; and because  the s ignal  f r o m  
the f i r s t  t r ansduce r ,  f i l t e red  a t  any frequency outside its band,  is ze ro .  This 
means that no c r o s s - c o r r e l a t i o n  information could be  lost  by f i l t e r ing  the 
c ros s -  spec t r a l  density. It can  be  mathematical ly  shown ( re f .  9)  that the 
c ros s -  cor re la t ion  assoc ia ted  with fi l tering the c r o s s -  s p e c t r a l  density is 
identical  to the c r o s s -  co r re l a t ion  assoc ia ted  with f i l ter ing each  channel with 
identical f i l t e r s - - the  method of data reduction used i n  this  experiment .  This 
suggests that  no c ros s -co r re l a t ion  information was lost ,  and, t he re fo re ,  sug- 
ges t s  that this  experiment  did extract  the na r row band information completely 
and accurately.  

The second hypothesis is that the broad band data and nar row band data 
a r e  related in a complex manner .  
c ros s -co r re l a t ion  is 

The  genera l  f o r m  of the nar row band 

In the limit, as the bandwidth tends to ze ro ,  this  becomes  the differential:  

d R L ( E x , ~ ,  w) = P (Q w) C O S  w(. - u,) C X  dw 
aP 

so the broad band c ross -co r re l a t ion  is 

( 3 3 )  

a s  would be expected. 

Now, s ince 
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and assuming homogeneous data 

the broad band c r o s s  cor re la t ion  i s  

This i s  not in genera l  separable .  
tion of f requency o r  is only weakly frequency-dependent, this may be  approxi- 
mated by 

If, however, the coherence is not a func- 

which is  separable  in  the t ime retarded f rame.  
band data a r e  not, in general ,  separable ,  and that  in  those cases  where i t  is 
separable ,  the retarded t ime  f r ame  may b e  of mos t  value.  

This suggests that the broad 

The third hypothesis i s  that the retarded t ime  f r a m e  i s  the mos t  useful ,  
and should be used f o r  both broad band and narrow band data. 
broad b a d  c ross -co r re l a t ions  a r e  a s ingle  peak whose width in  tiille displace-  
ment  is s m a l l  compared to the t ime decay curve. 
presented in  paragraph  5. 1 is mos t  noticeable far f rom the peak of the c o r r e -  
lation, thus the  d i f fe rence  in  the two methods is s m a l l  Lor broad band data. In 
the l imi t  of infinitely broad band white noise, the  c ross -cor re la t ion  becomes 
a del ta  function, and the two methods a r e  exactly equivalent. This mearis that  
present ing broad band data  using a Galilean t ransformation might be l e s s  u s e -  
ful, but the magnitude of the e r r o r  introduced would be small .  This  also' sug-  
ges t s  that  the broad band da ta  could be  presented in  the retarded t ime f r a m e  
a t  l e a s t  as wel l  as in the method i t  has  been presented  in  previously. 

Typically, 

Thc szo~-alr) i is  behavior 

Corre la t ion  measurements  alone cannot be used t o  descr ibe  the physical 
na ture  of the  flow. 
some insight into the nature  of the flow. 
format ion  cor responds  to  s tar t ing a downstream record  l a t e r  than the 
ups t r eam reco rd  by a n  amount equal to  the t ime  taken fo r  the signal to be 
convected t o  the downstream location, since fo r  nar row band data,  the 
amount of decay  depends pr imar i ly  on separation distance.  
f o r  this decay  mechanism is the presence  of an  incoherent sou rce  along the 
wal l  being constantly introduced over  a l l  space r a the r  than a mechanism such 
a s  eddy decay. 

However, the behavior of the  cor re la t ion  does provide 
The re ta rded  t ime  coordinate t r ans -  

One explanation 

Convection velocity studies s e e m  to  substantiate this 
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proposition. However, a completely accu ra t e  descr ip t ion  of the decay 
mechanism mus t  be  a topic fo r  fur ther  research .  

5 . 3  Discussion of the Coherence Function 

The coherence function (y&) is defined as  the ra t io  of the magnitude of 
the c r o s s - s p e c t r a l  densi ty  squared to  the product of the  power spec t r a l  den- 
s i t i es  of the two s ignals .  Hence, the  coherence function i s  the squa re  of the 
peak amplitude of the normalized na r row band c r o s s -  cor re la t ion .  The coher -  
ence function will  therefore  have the s a m e  resolution bandwidth a s  the resolu-  
tion of the power s p e c t r a l  density ( s e e  par .  3.5. 3 ) .  It p resents  spat ia l  decay  
information. 
function with separa t ion  dis tance corresponds to the  peaks of the  c r o s s -  
cor re la t ion  projected on the separat ion axis .  This cor responds  to the sepa-  
ra ted  spat ia l  decay curve  RT1( tx )  ( s e e  para .  5. l).  
function presents  the decay information unencumbered by phase information, 
it i s  subject to s ta t i s t ica l  s ca t t e r  even grea te r  than that  of the power s p e c t r a l  
density (because i t  is proportional to  the  square of the c r o s s - s p e c t r a l  density).  
This means detailed decay curves cannot b e  obtained f r o m  the coherence func- 
tion with the s t a t i s t i ca l  e r r o r  usually found i n  broad band analysis.  However, 
they can be used to indicate gene ra l  t rends  with respec t  to frequency. In the 
limit, a s  separa t ion  dis tance approaches zero,  the c r o s s -  spec t r a l  density is 
identical  to  the power spec t r a l  densi t ies  of the individual s ignals ,  so  the 
coherence function i s  unity for  a l l  frequencies.  

I At any frequency wo, a plot of tho square rsot  c?f coherence 

Although the  coherence 

F o r  undisturbed flow, the coherence function fo r  non-zero separat ion 
appears  a s  a broad  resonance at  wB/U,= 0.08, roll ing off sl ightly a t  lower 
and higher  f requencies .  As the separa t ion  distance becomes sma l l ,  the peak 
s e e m s  to shift  to higher f requencies .  However, s ince  fo r  s m a l l  separa t ion  
dis tances  the coherence function tends to unity fo r  a l l  f requencies ,  the defini- 
tion of the peak is reduced. In addition, the s ta t i s t ica l  s ca t t e r  masks  the 
peak, making it difficult to  accurately measu re  the frequency at which the 
peak occurs .  

The coherence function f o r  aft- and forward-facing s teps  exhibit, in  many 
c a s e s ,  s e v e r a l  s h a r p  well-defined peaks. Figure 25 i l lus t ra tes  t he  behavior 
f o r  a forward-facing s t ep  near  the s tep.  
occur r ing  a t  wB/U, = 0. 10 and wB/U, = 0. 16. 
the s a m e  frequency f o r  a l l  separat ions in a par t icular  region of a par t icu lar  
flow. 
face ,  and the type of flow examined. 
a r e  low n e a r  t he  s t ep  face and inc rease  when the region of separa t ion  o r  
reat tachment  is approached. 
behavior i s  markedly  different.  
suggest  the exis tance of a resonance type of phenomenon associated with the  
region inside the separa ted  flow. Since the peaks s e e m  to r i s e  in  f requency 
a s  the flow n e a r s  the wall, it might be hypothesized that  the resonance is 
assoc ia ted  with the height of the cavity inside the  separa ted  flow ra the r  than 
with the volume.  

In this ca se  the re  a r e  two peaks 
Such peaks s e e m  to occur  a t  

However,  the pat terns  change significantly with dis tance f r o m  the  s t ep  
In general ,  f requencies  of the peaks 

In the vicinity of separa t ion  o r  reat tachment  the 
The s h a r p  peaks in  the coherence function 

The coherence  function f o r  the shock-disturbed flow has a significant 
A s  indicated in re ference  1, the energy peak only a t  v e r y  low frequency. 

s e e m s  to be concentrated in  the low frequencies.  This suggests that  a 
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low-frequency phenomenon is associated with shock-disturbed flow ( s e e  
par .  4.4). 
record lengths than a r e  usual ly  possible due to  data nonstationarity.  
the  difficulties associated with low frequency and long record  length data  
reduction a r e  discussed in paragraph  3 .  5.3.  

To define this phenomenon m o r e  exactly would r equ i r e  longer 
Some of 

The presence  of resonance-type peaks in  mos t  types 01 flow i l lus t ra te  
why it is not possible to interpolate between the decay curves  presented in  
section 4. If the  two frequencies  reported f e l l  on ei ther  s ide of a peak, an 
interpolated decay curve fo r  a frequency nea r  a resonance peak would be  
gross ly  non-conservative in  es t imat ing the a r e a  over which the flow is c o r r e -  
lated. The data indicates that  peaks do exis t  between frequencies  fo r  which 
decay curves  were  plotted S O  the decay curves cannot be used  fo r  interpola- 
tion. Fu r the r  study of these  effects would be required to provide m o r e  
detailed information on the frequency dependence of the decay curves  and the 
correlat ion a r e a s .  This was beyond the scope of this study. 

5 . 4  Discussion of Other Correlat ion Charac te r i s t ics  

The discussions in  paragraphs  5. 1 through 5 . 3  have been or iented toward 
defining the behavior of a na r row band c ross -co r re l a t ion  in  t e r m s  of the 
th ree  major  var iables  of separa t ion  dis tance,  t ime displacement ,  and f r e -  
quency. Although the genera l  behavior is determined by these  va r i ab le s ,  
t h e r e  a r e  other charac te r i s t ics  which mus t  be  descr ibed  fo r  a complete under-  
standing of the nar row band c ross -co r re l a t ion  data.  
a r e :  d i spers ion ,  behavior with relat ive location within the flow, separabi l i ty  
of the spa t ia l  var iab les ,  and a non- constant convection velocity. 

Some of t hese  topics 

If the  flow were  s t rongly d ispers ive  it would no longer b e  possible  to  
separa te  the c ross -cor re la t ion  into a s imple  decay curve and phase curve.  
The flow would then have two cha rac t e r i s t i c  veloci t ies ,  one assoc ia ted  with 
the envelope of the c ros s -co r re l a t ion ,  and one associated with the phase.  
These can be character ized a s  a group velocity and a phase velucity. 
non-dispersive flow, these  two velocit ies a r e  the s a m e  and the c r o s s -  
correlat ion is easi ly  separa ted .  Other exper imenters  have shown slight d i s -  
pers ive behavior in experiments  involving subsonic Mach numbers .  
experiment,  the Mach number was relat ively high, usually n e a r  3 .  5. At this 
Mach number,  s m a l l  var ia t ions in  f requency were  buried in the high convec- 
t ion velocity--if they existed a t  a l l .  

F o r  a 

In this  

If a flow is  d ispers ive ,  broad band c ross -co r re l a t ions  w i l l  have a broad 
peak rather  than a sha rp  one. 
experiment a r e  a s  sharply peaked a s  the  autocorrelat ions suggesting signifi- 
cant differences in  convection velocity do not exis t .  
pers ion is nonlinearity of the phase angle (non-constant K a s  defined in 
pa r .  5.1).  
s ta t is t ical  sca t te r .  
reattachment o r  separat ion o r  nea r  s t e p  f a c e s  f o r  specif ic  f requency ranges.  
The behavior in  these  regions can be assoc ia ted  with complex behavior inside 
the region of separated flow ( s o m e  of t h e s e  phenomena a r e  d iscussed  in  
s e c .  4) where r e v e r s e  flow, o r  l a t e r a l  convection veloci t ies  may  introduce an  
anomaly s imi l a r  to  dispers ion.  Since the  flow was only d i spe r s ive  over  s m a l l  
regions of the flow, and s m a l l  ranges of f requencies ,  the flow was considered 

The broadband c ross -co r re l a t ions  f r o m  this 

Another m e a s u r e  of dis-  

Most of the phase plots w e r e  approximately l inear  to  within the 
Any significant deviations f r o m  l inear i ty  occur red  a t  
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to be generally nondispersive.  
inside of the separat ion flow region a r e  subjects fo r  fur ther  detailed study. 

Complex phenomena associated with the 

The var ia t ion of the location of maximum resonance coherence in  the 
frequency domain with dis tance f r o m  the  s t ep  face indicates that  the  c r o s s -  
cor re la t ion  is a function of position in the flow a s  well  a s  of separat ion dis-  
tance.  
resonance.  
dence on separa t ion  dis tance dominates.  
sect ion 4 have had a l l  data  for  any one region of flow, i r r e spec t ive  of location, 
lumped together .  

data.  
necessa ry  to sepa ra t e  the  dependence on physical dis tance f r o m  the depen- 
dence on separa t ion  dis tance o r  to es tab l i sh  the validity of ignoring the f o r m e r  
a s  was done he re .  

This effect would be par t icu lar ly  pronounced for  f requencies  n e a r  the 
Even though this  effect can be significant, in  general ,  the  depen- 

The decay curves presented in  

The fact  that  t he re  is a dependence on physical dis tance 
t would be expected to have int rsduced some  of the sca t t e r  present  in  those  

Fur the r  r e s e a r c h  (acquisit ion of s ta t i s t ica l  quantities of da ta j  wil l  be 

F o r  e a s e  of descr ipt ion,  the c ross -cor re la t ion  is normally a s sumed  sepa-  
rab le  in the two spa t ia l  coordinates.  
assumption. 
points, the data indicated that the assumption of separabi l i ty  was valid to 
within the s c a t t e r  of the data. 
tendency fo r  the ra te  of la te ra l  decay to  dec rease  with increased  separat ion 
dis tance in the longitudinal direct ion ( see  sec.  4). 
required to  accura te ly  determine to what extent separabi l i ty  ex is t s  in  the 
spat ia l  coordinates .  Reference 1 presented a discussion on the expected 
e r r o r  introduced in  the equal cor re la t ion  contours,  and until  sufficient s ta t i s -  
t i c a l  confidence can be placed in a conclusion, u s e r s  of the separa ted  mathe- 
ma t i ca l  functions should be aware  that a. considerable e r r o r  may possible be 
thereby introduced. 

An attempt was made to check this  
Although the re  were  not a s ta t is t ical ly  significant number of 

However, there  general ly  seemed to  be a 

Fur the r  r e s e a r c h  wi l l  be  

AS discussed  in  paragraphs 4 . 1  and 4 . 3 ,  the  convection velocity does not 
The genera l  behavior indicates a rapidly varying con- appear t o  be constant. 

vection velocity f o r  s m a l l  separat ion dis tances ,  becuIriiiig as  j-myTc>tic to  
another  velocity f o r  l a r g e r  separat ion distances.  This suggests that  the 
sou rce  of the coherent portion of the p re s su re  s ignature  moves rapidly f r o m  
one s t r a t u m  of the boundary layer  to  another.  

F o r  forward-facing s teps  and undisturbed flow, the ini t ia l  velgcity i s  low, 
suggesting the s ignature  or iginates  in a l o w  -velocity s t ra tum.  
rapidly becomes  asymptotic to what appears  to  be  near ly  the f r e e  s t r e a m  
velocity. 
ous flow mechanism and theore t ica l  studies would resu l t  in just  such  behavior.  
The re  was not sufficient definition i n  the  shock-disturbed flow to  demonst ra te  
a non- constant convection velocity. 

The velocity 

An eruption type of p rocess ,  such a s  a l ready  suggested by numer-  

However,  f o r  aft-facing s teps  before  reat tachment ,  higher  convection 
veloci t ies  w e r e  calculated f o r  small separation dis tance than f o r  l a r g e r  sepa-  
ra t ion d is tances  where  the la t te r  actually t r ave r sed  the region of reat tach-  
ment.  
f o r  different  regions of flow. 
sepa ra t ion  dis tance is a reflection of th i s  phenomenon, s ince the  convection 
velocity has been normalized to  the constant f r ee -  s t r e a m  velocity. 
a c c u r a t e  descr ip t ion  of the boundary layer velocity were  available,  the 

Behind a n  &-facing s tep,  the  boundary layer  velocity v a r i e s  markedly  
It is probable that  the  drop  in  velocity with 
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convection velocity would be expected to demonstrate  an  increas ing  velocity 
with separa t ion  distance when normalized by the boundary layer  velocity. 
After reat tachment ,  where the boundary layer  velocity i s  approximately con- 
stant, the aft-facing s teps  indicate the usua l  behavior of increas ing  velocity 
with separat ion distance.  

The fact  that  the convection velocity is not constant does not effect the 
arguments  about the coordinate t ransformations presented in paragraphs  5. 1 
and 5. 2 because the curve E x  = U C ~  i s  still single valued. 
is that the para l le lograms descr ibed in paragraph  5 . 2  wi l l  be sl ightly warped. 

The only difference 

5 .5  Mathematical  Descr ipt ion of the Cross-  Correlat ion 

If the c ross -cor re la t ion  is a s sumed  to  be  separable  in  the re ta rded  t ime  
coordinate sys tem ( s e e  par .  5. 1) and a l so  separable  in  the two spa t ia l  coor-  
dinates ,  it is  a l so  assumed that  the decay in the l a t e ra l  and longitudinal 
direction a r e  exponential 

the normalized na r row band c r o s s -  cor re la t ion  in  the fixed f r a m e  of re ference  
can be wri t ten as: 

0 
T O )  

-(T - 
2Q 

where T~ = 6,/Uc(6x) can be de te rmined  f r o m  the convection velocity curves  
presented in sec.  4 ,  and Q, the  dynamic amplification fac tor  fo r  s t r u c t u r e  i s  
related to  the bandwidth of the contributing f requencies  of the  forcing function 
by: A = wo/Q. 

Table 4 summar izes  the  decay r a t e s  a and p as de termined  in sect ion 4 .  
Again, it i s  important  to note that the  decay r a t e s  fo r  f requencies  other  than 
those presented cannot be easi ly  interpolated f r o m  the given data  for  reasons  
discussed in paragraph 5 . 3 .  

5.6 Comparison of Exper iment  and Theory 

A few theoret ic ians  have attempted to  analytically desc r ibe  the  flow phe- 
nomena producing fluctuating p r e s s u r e s  at a wal l  beneath a turbulent boundary 
layer .  By SO doing, they have desc r ibed  ce r t a in  gene ra l  dependencies and/or  
charac te r i s t ics  of the FPL's. This sec t ion  is intended t o  br ief ly  s u m m a r i z e  
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TABLE 4 

SUMMARY O F  COEFFICIENTS 

Flow 

I I 
No r m a  li zed 

Frequency,  uf3/Ua 

Aft-facing s t e p  
M 3.48 

Forward-  facing 
s t e p  M 3 . 4 5  

Undi s tu  r b e d 
M 3.45 

0.01 

0.04 

0. 16 

0.01 

0.04 

0. 16 

0 .01  

0.04 

0. 16 

0.060 

0.035 

0.025 

Aft-facing s t e p  
M 1.41 0 .01  

0.04 

0. 16 

0.025 

0.050 

0.045 

0.060 

0.060 

0.100 

0.050 

0 .235  

0.040 

Shock- d is turbed  
flow M 3.45 0.01 

0.04 

0. 16 

0.100 

0.100 

0. 125 

P 
- 

0.050 

0 .  c 5 5  
0. 160 

0.014 

0.030 

0.035 

0 .011  

0.080 

0.100 

0 .075  

0 -  0 9 0  

0.020 

0.100 

0.350 

0. 195 

the  d e g r e e  of agreement  o r  disagreement  between t h e s e  theo r i e s  and the r 

expe r imen ta l  r e su l t s  of this study. 

Kovasznay ( r e f .  l o ) ,  proposed an analyt ical  model  descr ib ing  t h r e e  
m a j o r  s o u r c e s  f o r  the fluctuating p r e s s u r e s  in supersonic  turbulent  boundary 
l aye r s .  He was ab le  t o  show that the  sound mode  made  a negligible contribu- 
t ion as compared  t o  o ther  s o u r c e s  (given by him as entropy and vort ic i ty  
modes ) .  
ble in frequency dis t r ibut ion of energy t o  the spec t rum m e a s u r e d  at the  wall. 

He indicated the  energy spec t rum at  0. 56 f r o m  the wal l  was compara-  
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In 1953, h e  indicated the m a j o r  sou rce  to be approximately one -qua r t e r  of 
the way out f r o m  the wall. 
separations cor respond to portions of the velocity profile much c lose r  to  the 
wall. If it i s  a s sumed  that the convection velocity of the p r e s s u r e  s igna ture  
ref lects  t he  velocity of the boundary layer  s t r a t u m  in which it is to  b e  found, 
the d a t a  suggest a sou rce  n e a r e r  the wall. 
pattern s t r u c t u r e  for  the p r e s s u r e  s igna ture  sou rce  (an assumption which i s  
often employed by theoreticians).  
of the wall  to the outer  s t r a t a  of the boundary layer ,  a flow model which could 
explain the variation of convection velocity with separa t ion  distance,  and if a 
decay mechanism exis ts  which diss ipates  old sou rces  a t  the s a m e  ra te  a s  new 
ones a r e  produced, a cor re la t ion  with a decay p r imar i ly  dependent on s e p a r a -  
tion distance (the addition of new s o u r c e s )  would be suggested. 
examined in this  study did indicate such  a separa t ion  d is tance  dependent decay. 

However, the convection velocit ies for  s m a l l  

Kovasznay a l so  assumed a f rozen  

If the sou rces  move ragidly f r o m  the vicinity 

The da ta  

Wil lmarth ( re f .  11) concluded f r o m  his  model  that  t h e r e  was not any 
dependence on Mach number o r  Reynolds number  of the root mean squa re  
p r e s s u r e ,  but only a d i r ec t  proportionality to dynamic p r e s s u r e .  A Mach 
number dependence was shown to exist  in re f .  1. 
convection velocity. 
the convection velocity v a r i e s  with separa t ion .  
la teral  cor re la t ion  coefficient (5, = T = 0)  was reduced to a value of about 
0. 5 at a distance t z  = 6:;: f o r  subsonic flow. 
flow suggest a f a s t e r  decay f o r  a l l  bands of f requencies  examined. 
indicate a r a t h e r  na r row s t r i p  in which the p r e s s u r e s  a r e  well  co r re l a t ed .  

He also a s sumed  a constant 
However,  the data indicated that for s m a l l  s epa ra t ions ,  

Wil lmarth concluded that the 

The data for  M 3 . 4 5  undisturbed 
The data 

In 1960, Tack et  a l .  ( re f .  1 2 )  descr ibed  a model  which developed a 
nar row band c r o s s -  cor re la t ion  mathemat ica l  descr ip t ion  s i m i l a r  to that 
developed f rom this study, however ,  he t r ans fo rmed  to a f r a m e  moving with 
the boundary layer  while the present  data sugges ts  a r e t a rded  t i m e  t r a n s -  
formation. The d iscuss ion  in section 5 indicates why a Galilean t r ans fo rma-  
tion is not capable of matching the data ,  whereas  a tilne re ta rded  t r ans io rn in -  
tion is. Similar ly ,  Bull ( ref .  13) used the Galilean t r ans fo rma t ion  and found 
a dependence of the cor re la t ion  amplitude c x / U c  r a t h e r  th: 1- 

demonstrated by the data.  
with data possibly for  this  reason .  
convection velocity o r  the choice of an  averagf  convection velocity (based  on 
the separation distance divided by the t i m e  displacement  r equ i r ed  for the 
c ros s -co r re l a t ion  maximuin to r each  the second t r a n s d u c e r )  could sp read  the 
data sufficiently a s  to  somewhat m a s k  the cha rac t e r i s t i c s  descr ibed  in this 
study: (1)  a t ime  re ta rded  t ransformat ion  r equ i r ed  to  achieve separabi l i ty  of 
the var iables ,  and (2 )  a nonconstant convection velocity exis ts  f o r  s m a l l  sepa-  
rations. Insufficient data actually ex i s t s  at v e r y  close spat ia l  separa t ions  to 
indicate whether the p r e s s u r e  sou rce  is continually changing its convection 
velocity within a separa t ion  d is tance  of gX/9 5 10, o r  whether t he  convection 
velocity is somewhat constant immedia te ly  a f t e r  fo rma t ion  of the sou rce  until 
a sudden "popping" of the sou rce  causes  it to jump into another ,  higher  veloc- 
ity s t ra tum.  

5, a s  i s  
Both Tack and Bull showed only f a i r  ag reemen t  

In addition, the dc,suiiiption of constant 

Tack et al. d rew some other conclusions f r o m  the i r  analytical  model .  
They successfully predicted the observable  f a s t e r  rolloff of the power spec-  
t r u m  above a cha rac t e r i s t i c  cutoff f r equency  f o r  supe r son ic  undisturbed flow. 
They additionally predicted a f a s t c r  decay  f o r  t he  h igher  f requencies .  
actuality, a s  shown in previous d i scuss ions ,  the 

In 
decay  of the n a r r o w  band 
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c ross -  correlat ion has  unusual frequency dependencies in  dis turbed flow, and 
a symmetr ic  frequency dependence fo r  undisturbed flow (mid-frequency peak 
with f a s t e r  decays a t  low and high frequencies) .  Tack a l so  concluded that the 
broad band cross-cor re la t ion  was weighted in  preference  to those frequencies  
which retain coherence the longest, but a s  stated above, the frequency range 
with highest coherency va r i e s  with the kind of flow, the spa t ia l  separat ion,  
and possibly with the Mach numbers .  

Gardner  ( r e f .  14),posed a model  f o r  the boundary layer  FPI,'s on the 
bas i s  of the Navier-Stokes equations which, because of his devel-opment, 
res t r ic ted  the  analysis  to f requencies  w6:::/U,,>> 1 .  

rapid r a t e  - predicted by Gardner  to  be 9 dB/octave and indicated by  the data 
to b e  - on the  average  - 10 dR/octave - no rea l  comparisons can be  made.  
In the region of frequencies covered by this  theory, the levels a r e  v e r y  low, 
and the frequencies  a r e  too high to  excite significant s t ruc tu ra l  response.  

Since this is in  the  f r e -  
t quency ralige above the data f o r  this study, o r  where  the psd i s  dropping a t  a 

Lilley,  i n  an  ea r ly  note,  predicted that  the ra t io  of rms p r e s s u r e  to 
dynamic p r e s s u r e  was proportional to the coefficient of f r ic t ion (essent ia l ly  
Mach number-independent unless  compressibi l i ty  becomes important) .  
data indicate a Mach number dependence for  those Mach numbers  investigated 
(Ma 5 5. 0). 
ted the production of the FPL's  to vort ic i ty  and sound modes.  
the theory predicts  a n  inc rease  in  the  ra t io  of r m s  p r e s s u r e  to  wall  shea r  
s t r e s s  with Mach number.  Kist ler  and Chen da ta ( r e f .  16) a r e  used to ver i fy  
the t rend.  In  contrast ,  data f rom this study fref. 1) and data f r o m  in-flight 
measu remen t s  ( re f .  17) indicate a d e c r e a s e  with Mach number of the ratio of 
rms p r e s s u r e  to dynamic p res su re .  The data f r o m  Kist ler  and Chen a r e  for  
s m a l l  spa t ia l  separat ions where the low average convection velocit ies were  
measu red .  In addition, p r e s s u r e  levels  and spec t ra l  shapes quoted f rom 
the i r  data r e semble  thickened boundary layer data.  

The 

In re ference  15, Lil ley posed a theoret ical  model  which attr ibu- 
As a resu l t ,  

In re ference  15, Lilley predicted a low-frequency rolloff of the PSD as 
shown on g l ider  data by Hodgson. Some unpublished data f r c ? ~ ~ ?  1 slipersonic 
a i rplane would suggest that  the upward trend of the PSD level in  the low f r e -  
quencies (as f requencies  a r e  reduced) always seen f rom wind tunnel measu re -  
men t s  is indeed cor rec t .  Thus, the glider data  st i l l  stand uniquely alone in  
such a low frequency rolloff. Perhaps  pa r t  of the  difficulty in comparing data 
with Li l ley 's  theory  i s  h i s  neglect of the turbulence - turbulence t e r m s ,  
though in re ference  18, Lowson successfully descr ibes  some aspec ts  of the 
flow by a l so  neglecting turbulence - turbulence t e r m s  in favor  of mean  shea r -  
turbulence t e r m s  (for  the attached boundary layer) .  Lowson d i sca rds  vis-  
cosi ty  and predic t s  the  rrns p r e s s u r e  divided by dynamic p r e s s u r e  to have 
nea r ly  the dependence indicated by the data and the p r e s s u r e  divided by wall  
s h e a r  s t r e s s  t o  be  a constant. However, he s ta tes  that  any per turbat ions o r  
ex terna l  nois e will  negate these  proportionali t ies.  Lowson predicts  that  the  
m a j o r  contribution to the  FPL's is generated in a s t r a tum where Uc/U, = 0. 5. 
This a g r e e s  with the resu l t s  of this  study. 
possibil i ty of an  eruption-like p rocess  to  account fo r  the  var ia t ion in  convec- 
t ion velocity. 
logical descr ip t ion  f o r  the  ma jo r  sou rce  since no d ispers ion  effects w e r e  
observed ,  and within the data sca t t e r ,  it appeared that a l l  f requencies  
examined moved with the s a m e  velocity. 

Lowson goes on to d iscuss  the 

The data  f r o m  this study a r e  consistent with such a phenomo- 
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Lowson d i scusses  possible charac te r i s t ics  of separa ted  flow, and on the 
basis  of his model,  suggested that  mos t  of the  sou rce  in  separa ted  flow is 
found i n  a region of high shea r  with v e r y  low velocity (=O). The data  of this  
study f r o m  separa ted  flow would indicate otherwise,  s ince  the convection 
velocities in  these  regions were  s imi l a r  f rac t ions  of the detached boundary 
layer velocity, a s  fo r  an  attached flow. 

Houbolt, with his engineering model  ( r e f .  19), was not too successfu l  in  
predicting ei ther  the r m s  p r e s s u r e  to  dynamic p r e s s u r e  ra t io  v e r s u s  Mach 
number o r  in predicting the shape of the PSD according to the da ta  summar ized  
and quoted in re ference  8. He does,  however,  show a m o r e  logical depen- 
dence of the  wal l  p r e s s u r e  on the f r e e - s t r e a m  p r e s s u r e  and the Mach number 
than could be assumed with the dependence on dynamic p res su re .  It s e e m s  
untenable to predict  magnitudes of p re s  s u r e  fluctuations considerably l a r g e r  
than the  atmospheric  p r e s s u r e  nearby which a r e  obviously going t o  be influ- 
enced by nonlinearit ies before  these magnitudes a r e  achieved. 

Black ( r e f .  20) proposes  a theoret ical  model  which has  considerable  
F o r  example,  the model predicts  a 

One 
success  in  comparing with the data.  
stretching of the or ig ina l  eddy (o r  vor tex)  a s  it moves downstream. 
charac te r i s t ic  of the data could be explained by such a mechanism ( s e e  
par .  4.  1). 
the convection velocity data .  This model,  s imi l a r  to Li l ley ' s ,  predicts  a 
dependence on wall  shea r  s t r e s s  fo r  the fluctuating p r e s s u r e  (undefined a s  
yet). The model  a l so  predicts  increased  levels due to  posit ive p r e s s u r e  
gradients and dec reased  levels when negative p re s  s u r e  gradients  a r e  present .  
Such dependencies a r e  indicated in  genera l  by the  data  ( ref .  8, fig. 10). 
Black's model indicates a dependence of the  vortex generating s h e a r  s t r e s s  
location within the boundary layer  on Reynolds number.  
diff e rent s pe ct r a1 depend enc e than previous ly considered . 

The model  predicts  a n  eruption process  which i s  consis tent  with 

This r e su l t s  i n  a 

Black's model entai ls  many m o r e  detai ls  such a s  spec t r a l  sp ikes ,  dif- 
ferent  velocit ies fo r  low and high frequencies  which a r e  s m e a r e d  due to  a 
"sharing" phenomenon that makes  the i r  subt le  differences appear  a s  s ca t t e r  
on the mean  velocity, etc. Considerable work will  be involved in  validating 
o r  disproving the  proposed model ,  but of those presented ,  it does s e e m  to 
ag ree  most  favorably with the data.  
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6. CONCLUSIONS 

The data,  a s  examined in  this study, have indicated cer ta in  bas ic  
conclusions which have been substantiated by mathematical  concepts where 
possible. These conclusions,  including some interest ing and unique concepts 
concerning the fluctuating p r e s s u r e s  at  a wall beneath a turbulent boundary 
l aye r ,  a re :  

The convection velocity of a par t icular  p r e s s u r e  s ignature  beneath 
ei ther  an undisturbed turbulent boundary l aye r ,  o r  one dis turbed by 
forward-facing o r  aft-facing s teps ,  exhibits a rapid change within 
sma l l  separa t ion  dis tances  followed by a long region in  which the 
convection velocity r ema ins  constant. As a resu l t  of this ,  any 
graph of cor re la t ion  v e r s u s  a s t ructural- type pa rame te r  of the 
cxw/Uc var ie ty  will indicate a variation a t  low values.  
tion may  well be at t r ibutable  to convection velocity var ia t ions r a the r  
than d ispers ion  effects. The shock-disturbed flow did not exhibit 
a region of rapid change. 
for  the frequency ranges  examined. 

This  va r i a -  

No major  d i spers ive  effects were  observed 

The na r row band data substantiates the mathematical  model which 
p e r m i t s  separa t ion  of the t ime and space domains for a re ta rded  t ime  
f r a m e  of reference.  The commonly used Galilean t ransformation,  
being approximately c o r r e c t  for  very wide band analysis ,  is not 
val id  for  nar row band analysis.  
of the cor re la t ion  with the temporal  dependence deter.r-:-:'.rt- d by 
bandwidth and center  frequency. 

This indicates  a spatial  deperic!ence 

Because of unusual fi-equcncy deFendencies of the spat ia l  decay  
within regions of dis turbed flow, statist ically significant quantit ies 
of data  mus t  be acquired to define the dependence on location within 
the dis turbed flow, Mach number,  and geometry.  

An unusual sou rce  of FPL's was hypothesized fo r  a n  aft-facing s tep 
that produced the measu red  energy in the low frequencies  and the 
l a t e ra l  convection velocity component. Insufficient data exis ts  to 
exactly define i t s  dependence on geometry,  o r  i ts  existence in  other 
aft-facing s t ep  configurations (such a s  axially symmetr ic  three-  
dimensional bodies), but it is presumed to  be the source  which pro-  
duced the FPL's measu red  directly behind the s tep face in  this 
experimental  study. 
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(5 )  The mathematical  expression in the fixed f r a m e  of re ference  for 
the one-dimensional c ros s -co r re l a t ion  of nar row band data may be 
wri t ten i n  the f o r m  

Douglas Aircraf t  Company 
Santa Monica, California 
November 15, 1967 
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